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Investigations into the occurrence and causes of diel changes in the chemistry of 
streams.
Chairperson: Michael D. DeGrandpre ^ / j / j  ^L)
This study investigates the underlying causes o f diel (24-h) concentration cycles o f 
various chemical species in rivers. Major and trace element concentrations have been 
shown to undergo significant fluctuations over 24-h periods and these changes are linked 
to the biogeochemistry o f  the riverine environment.
Rivers are dynamic, “living” systems that are an integral component o f the global 
hydrological network. There is a need for a better fundamental understanding o f the 
science o f  how rivers and other hydrological systems function. One o f the goals o f this 
work is to gain insight into the processes controlling the mobility o f  metals and other 
contaminants within a river.
The concentrations o f  major and trace elements, dissolved CO2 , inorganic carbon,
IT 18dissolved oxygen, as well as the stable isotope compositions 8  C-DIC and 8  O-DO 
were measured in the Big Hole River, MT; the Clark Fork River, MT; Fisher Creek, MT; 
and the Rio Agrio, Argentina. Results from the use o f stable isotopes on the Big Hole 
River demonstrate the degree to which photosynthesis and respiration influence the daily 
stream chemistry. These daily changes in photosynthesis and respiration are shown to 
control the mobility o f Mn, Zn, Cu, A1 and Fe in the Clark Fork River. Evidence is 
presented suggesting that diel changes in redox conditions which alternately oxidize and 
reduce metals in biofilms affect the mobility o f the metals. W ork in the Fisher Creek 
drainage shows that diel fluctuations in dissolved Cu and Zn in near-neutral pH waters 
are m ost likely controlled by upstream sorption o f trace metals onto freshly formed 
hydrous Fe and A1 oxides. The observed trends are consistent with thermodynamic and 
kinetic factors that predict increased precipitation o f HFO during daytime, higher streams 
temperatures, coupled with more rapid sorption o f dissolved cations. Results from the 
Rio Agrio, Argentina demonstrates that metals behavior and transport in a river receiving 
contamination from geogenic sources are similar to that observed in mining impacted 
streams o f the Rocky Mountain West, USA.
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Chapter 1: “Investigations into the occurrence and 
causes of diel changes in the chemistry of streams”
1.1 - Introduction:
1.1.1 -  Implications of diel concentration cycle s in surface waters:
Large, daily changes in the concentration o f  contaminant and toxic materials in 
flowing waters can impact human and aquatic health significantly as well as posing 
problems for effective water sampling and m onitoring activities. These diel 
concentration changes create problems such that a sample collected at a point in time m ay 
not be truly representative o f  the chemistry o f  the river system. For example, analysis o f 
a sample collected at 0500 hours m ay find a  zinc concentration up to five-fold higher 
than one collected at 1600 hours later that afternoon. In order to accurately interpret 
geochemical data from a river system it is necessary to better understand the causes and 
mechanisms that influences these diel processes.
Some o f the earliest studies detailing diel concentration fluctuations o f  metals and 
arsenic in streams receiving mining related contamination appeared in the literature in the 
late-1980’s and into the mid-1990’s (e.g. M cKnight and Bencala, 1988; McKnight et al., 
1988; Fuller and Davis, 1989; Bourg and Bertin, 1996; Brick and M oore, 1996). These 
and subsequent studies have contributed to the knowledge and understanding o f diel 
processes, however there is much that is not well understood. Rivers operate within a 
complex interface between chemistry, biology and geology and there is a critical need to 
better understand this interrelationship. Gaining insight into the underlying mechanisms
1
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controlling concentration changes o f metals and other chemical species w ill help us 
achieve abette r fundamental understanding o f  how streams function.
M y study examines diel processes in four different river systems on two 
continents with the purpose o f furthering the understanding o f  the basic mechanisms 
controlling daily processes in streams (this is  further described in section 1 .2 ).
1.1.2 -  Diel basics - 0 2, C 02 and nutrients:
Diel processes in surface waters are regular, dynamic, changes in physical and 
biogeochemical parameters that occur over 24-h periods. The diel variations are driven 
by the normal photoperiod, which influences photosynthesis and respiration o f  aquatic 
organisms, causes daily in-stream temperature cycles, causes daily changes in dissolved 
gas gradients between air and water, and affects either directly or indirectly a variety o f 
other photo-catalytic processes. Healthy river systems can exhibit large diel temperature, 
pH, 0 2 and C 0 2 cycles that are largely driven by aquatic plants and microbes that 
alternately consume or produce C 0 2 depending on whether photosynthesis or respiration 
is the dominant process (Odum 1956; Pogue and Anderson, 1994; Nagorski et al., 2003). 
The Redfield equation (Eqn. 1.1, Redfield et al.„ 1963) has been used to explain the 
balance o f  C 0 2, 0 2 and nutrients used by photosynthetic algae for respiration and 
photosynthesis in aquatic systems:
respiration photosynthesis ->■
106CO2 + 1 6 N 0 3” + H P 0 42” +122H20 + 1 8 H + o { C 10eH2630 110N 16P}+ 13802 . (1.1)
algal protoplasm
2
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During the daytime when photosynthesis (P) is the dominant process there will be an 
increase in pH due to the net consumption o f  CO 2 and protons. Photosynthesis also 
consumes nitrate and phosphate as nutrients. A t night, when respiration (R) is the only 
process affecting this balance, the pH decreases, while O2 is consumed and nitrate and 
phosphate are produced. Although specific aquatic biota can have different stoichiometry 
than that shown in equation (1.1), the Redfield equation has been accepted as a useful 
model for understanding how biological processes affect the productivity balance o f  a 
riverine system. The net result o f  the opposing processes o f  photosynthesis and 
respiration will determine the overall prim ary productivity o f  the aquatic system (P-R or 
Pnet). External sources o f  CO2 and O2 (surface and groundwater contributions) as well as 
gas-exchange across the air-water interface can  affect this balance o f  gases mediated by 
the biological processes. These daily changes in  pH , temperature and dissolved gases 
contribute to diel cyclic changes in a variety o f  other chemical species that will be 
discussed and investigated in this study.
1.1.3 -  Stable isotopes as probes of diel processes:
The stable isotopes o f carbon and oxygen have been used as tracers for studying a 
variety o f  surface and groundwater biogeochemical processes. Biological, chemical and 
physical processes often use stable isotopes at different rates w hich causes 
“fractionation” or changes in the ratio o f these isotopes. Stable isotope ratios are 
typically reported in the “delta” notation (5) and are referenced to a common standard.
For carbon-13 and oxygen-181 the 8  notation is determined as follows:
1 Oxygen-17 is also a stable isotope (of O) but will not be discussed in the study reported here.
3
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V
standard
sample
/
•1000
V
standard
sample
•1000
The isotope ratios are reported in units o f  per mil (% o) and are always given as a ratio o f 
the heavier to the lighter isotope. I f  the isotope ratio o f the sample is heavier (larger) 
than the standard, the 6  value will be positive. I f  the isotope ratio is lighter (smaller) than 
that o f  the standard, the 8  value will be negative. Consequently, i f  8  values are becoming 
heavier (more positive) then that process is causing an isotopic “enrichm ent” . If  the 8  
values are becoming lighter (more negative) then the sample is becom ing isotopically 
“depleted”.
Analysis o f  the 18160  composition o f  dissolved molecular oxygen (8180 -D 0 )  and 
the 13:12C ratio in dissolved inorganic carbon (8 13C-DIC) in surface waters has yielded 
valuable insight into the effects o f  photosynthesis and respiration on the oxygen and 
carbon budgets o f  those systems (Quay et al., 1993, 1995; W assenaar and Koehler, 1999; 
Russ et al., 2004; Parker et al., 2004, 2005a, b). In the investigations reported here many 
o f  the conventional methods for analysis o f  water quality are used but will be combined 
with the newer techniques in biogenic stable isotopes to more fully understand the 
complex processes inherent in diel cycling in streams. The in-stream processes that can 
change the stable isotope ratio o f  DO and DIC will be discussed in m ore detail in chapter 
2 .
1 .1 .4 - Diel cycles of metals and other chemical species:
Concentration cycles o f  metals and other chemical species are known to occur in 
regular, diel patterns that are linked to the biogeochemistry o f  the particular aquatic
4
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system. A large cross-section o f docum ented diel studies on rivers and streams can be 
found in the literature (e.g. Fuller and Davis 1989; Brick and M oore 1996; Bourg and 
Bertin, 1996; Sullivan et al., 1998; Nimick e t al 2003; Jones et al, 2004; Gammons et al., 
2005a, b; Nimick et al., 2005; Parker et al., 2004, 2005 a, b).
1.1.4.1 — Acidic streams:
M any streams affected by ARB2 from natural sources and historic minings — —
activities can have acidic waters (pH<5) and transport significant concentrations o f  major 
and trace elements. Many o f these acidic stream s exhibit diel concentration cycles o f  
Fe(II) and Fe(III) induced by daytime photoreduction of ferric to ferrous Fe and 
precipitation o f hydrous ferric oxides (HFO) and hydrous aluminum oxides (HAO) 
(M cKnight and Bencala, 1988; McKnight e t al., 1988, 2001; Gammons et al., 2005a).
The freshly formed HFO and HAO colloids produced in these systems are known to 
scavenge trace metals and anionic species from  solution through sorption or co­
precipitation (Swallow et al., 1980; D zom bak and Morel, 1988, 1990; Kimball et al.,
1995; Rhodda et al., 1996; Karthikeyan et al., 1999; Lee et al., 2002; M unk et al., 2002). 
Contaminant transport in acidic streams o f both  dissolved and particulate metals can pose 
environmental concerns in downstream reaches, even as the acidic waters become 
neutralized from additions o f tributary and groundwater inflow. For example, dissolved 
Cu in a near neutral reach o f Fisher Creek, M T (pH 6.8-7), a heavily mine impacted 
stream, has been shown to undergo 140% concentration changes (range: 6 3 - 1 5 1  mg L '1) 
during a diel cycle (Gammons et al., 2005a). Copper is toxic to aquatic life and the 
M ontana water quality standard for Cu is ~4 ppb (acute and chronic; Circular WQB-7,
2 ARD sac id rock drainage; the weathering of pyrite and other sulfidic minerals that produces acid, sulfate 
and dissolved metals.
5
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2002). This is one example detailing the reasons why it is im portant to gain a better 
understanding o f the processes controlling these  m etal concentrations in surface waters 
fed by acidic streams.
1.1.4.2  -  Alkaline streams:
Rivers and streams with pH>7 have been shown to have significant diel
concentration cycles o f chemical species. F o r example, dissolved zinc concentrations in 
Prickly Pear Creek, MT (pH -8 .2 ) underw ent a 500% change in one twenty-four hour 
sampling period (Nimick et al., 2005). B rick and Moore (1996) reported diel 
concentration cycles o f dissolved M n and Z n  in the alkaline Clark Fork River, MT and 
Bourg and Bertin (1996) showed that Zn underw ent diel concentration cycles in the Lot 
River, France. Cd, Mn and Ni were shown to undergo diel concentration cycles o f up to 
119, 306 and 167%, respectively, in alkaline streams in Idaho and M ontana (Nimick et 
al.„ 2003). These concentration cycles o f m etals (cationic species) in alkaline streams 
typically exhibit minima in the late afternoon and maxima in the early morning. Arsenic 
was shown to undergo diel concentration cycles o f  about 40% in W hitewood Creek, SD 
(Fuller and Davis, 1989) and about 20% in the M adison River, M T (Nimick et al.„ 1998). 
Arsenic, m ostly in anionic form (arsenate, principally HAsCL ) in alkaline, oxic waters, 
typically exhibits inverse temporal concentration patterns to those shown by metals, with 
maxima occurring in the late afternoon and m inim a in the early morning.
1.1.4.3  -  Causes and processes:
A number o f physical, biological and chemical factors influence the major and
trace element concentrations on a diel basis. Temperature- and pH -dependent sorption to 
substrate and suspended inorganic and organic surfaces are thought to play an integral
6
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role in influencing the cation and anion concentration cycles (Table 1.1) (e.g. Fuller and 
Davis, 1989; Machesky, 1990; Stumm, 1992; Rhodda et al., 1996; Nimick et al.„ 1998; 
Trivedi & Axe, 2000; Jones et al.„ 2004).
Table 1.1: Generalized mechanisms fo r surface adsorption of metals and 
ligands. = S is surface functional group; Mz+ is a metal cation; Ly' is a 
ligand (y can be zero). Adapted from Stum m , 1992.
A cid -  base reactions 
= S -O H  + H + <=> = S - O H 2+
= S - O H < » = S - 0  + H +
Cation binding 
= S -O H  + M z+ <=> = S - O M (z'1)+ + H +
2 (= S -O H ) + M 2+ o  ( = S - 0 ) 2M u'-2)+ + 2 H +
= S -O H  + M 2+ + H 20  o  = S -O M O H  u ' 2)++ 2 H + 
Ligand exchange 
= S -O H  + Ly- <=> = S - L 0’+I)~ + O H '
2 (= S -O H ) + I T  o  (=S )2 -  L(y+2)'  + 2 O H ' 
Ternary complexes
= S -O H  + L^“ + M Z+ c ^ > = S -L -M (̂ ^ +,, + O H ” 
= S -O H  + U~ + M 2+ o  s S - L - M (z ;" 1) + H +
Organic surface groups include both bacterial and algal cell surfaces which have been 
shown to adsorb and release protons and m etals as a function o f  temperature and pH 
(Borrok et al., 2004; Fein et al., 2005; Kaulback et al., 2005). Consequently, ion pairing 
interactions between cationic and anionic species can occur at charged surface sites. 
Surface complex formation can take place betw een metals and ligands with these surface 
functional sites (Table 1.1). Adsorption and desorption processes with suspended and 
bed sediments have also been demonstrated using in situ chambers to have impacts on 
concentration cycles o f  Mn and As in Prickly Pear Creek, M T (Jones et. al. 2004).
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Another mechanism that can change contaminant concentrations is through cyclic 
changes in groundwater (GW) flow due to evapo-transpiration in streamside riparian 
areas. These changes in GW flow m ay be coupled with exchange in the hyporheic zone3 
which can have a different chemical environm ent than the water column and shallow 
sediments. For example, bed sediments and hyporheic water in the upper reaches o f  the 
Clark Fork drainage have been shown to contain significant concentrations o f As, Cu, Fe, 
Cd, M n and Zn (Benner et al.„ 1995; Nagorski and Moore, 1999).
Table 1.2 summarizes the range o f  physical, chemical and biological processes 
that can impact diel concentration cycles o f  trace and major element species in aquatic 
systems. The table is not meant to be com prehensive, but it does help organize the type 
o f  interactions involved in these processes.
Table 1.2: A list of generalized scenar ios  for physical, chemical and  biological 
processed th a t  influence diel concen tra tion  cycles.__________________ ________
mechanism references
physical Diel changes in streamflow or hyporheic flow a, b, c
Ak Photoreduction of Fe, Mn, Hg d
'
Diel changes in rate of precipitation of HFO, HAO e
Reversible sorption onto hydrous metal oxides b
chemical
i i Precipitation (or co-precipitation) of a carbonate b, f, g
mineral or other metal-rich phase
Passive sorption onto bacteria and algal surfaces h, i
Microbial reduction and oxidation of Mn and Fe a, j
biological Active (metabolic) uptake by aquatic organisms h
Perturbation of benthic sediment by macro­ a
invertebrates
References: a - Brick and Moore, 1996; b - Nimick et al.„ 2003; c -  Sullivan et al.,, 1998; 
d - McKnight et al.,, 1988, 2001; e -  Gammons et al.,, 2005a, b; f - Fuller and Davis, 
1989; g -  Cicerone et al.,, 1999; h -  Morris et al., (in press); i -  Fein et al.,, 2005; j - 
Parker et al., (in review);
3 Hyporheic zone here refers to the “interactive hyporheic zone (IHZ)” as a mixing zone between
groundwater and surface water that contains 10% to 98% surface water (Benner et al., 1995).
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1.1.5 -  Rare Earth Elements:
Rare earth elements (REEs) have been used as geochemical tracers o f  water-rock 
interactions (Piper, 1974; Nesbitt, 1979). REEs have also been used to examine the 
provenance o f natural waters (Dupre et al., 1999; Ingri et al., 2000). Also, REEs have 
been used as models for the behavior o f  trivalent actinides in natural waters (Wood, 
1993). Lanthanide series elements, with a few  exceptions, exist as trivalent cations in 
natural waters. Cerium can be found in the (+4) oxidation state and Eu in hydrothermal 
systems can be found in a divalent form (M ichard et al., 1983). Progressive/-electron 
addition across the fifteen member lanthanide series leads to a general decrease in ionic 
radius (lanthanide contraction) and a change in chemical properties across the period. 
One important change is a general increase in the complexation constants w ith ligands 
(Lee and Byrne, 1992, 1993; Sholkovitz, 1995) from La to Eu. In seawater, carbonate 
complexes are the m ost important (Lee and Byrne, 1993). In freshwater systems, 
complexes with other inorganic ligands: sulfate, phosphate and hydroxide as well as 
carbonate can play a role in the solution chem istry o f  REEs (Millero, 1992; Sholkovitz, 
1995). An important component o f  REE chem istry is the degree to w hich these 
elements partition between dissolved, colloidal and suspended particle phases 
(Sholkovitz, 1995; Nelson et al., 2003). REEs have been shown to adsorb to bacterial 
cell surfaces (Takahashi et al., 2005), and the presence o f  extensive biofilms in the Rio 
Agrio may make complexation with dissolved, surface and suspended biological and 
organic materials important. Consequently, the surface sorption reactions described 
above for other cations will also apply to REEs (Table 1.1). This study examines the
9
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distribution and fractionation associated w ith  the interaction between dissolved and 
particulate phase REEs.
Verplanck et al., (2004) demonstrated that REEs are conserved in river systems 
below pH 5 but begin to adsorb to HFO at h igher pH ’s. Additionally, REEs have been 
shown to undergo diel concentration cycles in near neutral waters derived from acid rock 
drainage (Gammons et al., 2005b). In this study the concentrations o f  REEs (derived 
from geothermal sources) in a near-neutral reach o f  the Rio Agrio, Argentina are 
examined and shown to undergo diel concentration fluctuations.
1.2 - Objectives of this study:
Although significant progress has been  made towards an understanding o f diel 
processes, further work in necessary to better elucidate the underlying mechanisms. The 
results presented here will compare and analyze diel processes in four different river 
environments in order to better elucidate and understand the mechanisms and causes o f 
these concentration cycles. The riverine system s examined as part o f  this study are: 1) 
the Big Hole River, a relatively healthy river system that has had little mining or 
industrial influence; 2) the Clark Fork River, an alkaline river that has received severe, 
historical mining associated impact; 3) F isher Creek, an acidic, mining impacted system 
that undergoes neutralization in a ~4 km reach; 4) Rio Agrio, Argentina, a geogenically 
acidic, metals loaded stream.
The next section will detail the specific objectives to be investigated for each of 
these four different river systems. Each field site is organized in this manuscript as an 
individual chapter (2-5). Each o f these chapters includes a set o f  site specific conclusions
10
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at the end o f that chapter. Chapter 6  is an overall summary and also lists potential 
directions for further work in this field.
1.2.1 - The Big Hole River (BHR, chapter 2)
The results presented in this chapter are from two field experiments conducted 
during the late summer o f  2004. The stable isotopes 180  and 13C were used as probes to 
investigate the daily changes in dissolved oxygen and dissolved inorganic carbon in the 
Big Hole River (Parker et al.„ 2005a, b).
1. The results o f this study will demonstrate the presence o f  diel cycles in 8 lsO-DO 
and o13C-DIC in a riverine environment. These are novel data that have not been 
previously published and demonstrate that in-stream processes can cause 
substantial changes in stable isotope compositions over a diel period.
2. The measured concentration o f dissolved oxygen over the sampling period will be 
used to calculate the aeration coefficient and the net productivity o f  the river 
system.
3. The stable isotope cycles are linked to the day-to-night changes in productivity of 
the river system as influenced by photosynthesis, respiration and gas-exchange.
4. This work will also include calculations to model the changes in [18C>2] during a 
diel period using published isotope fractionation factors and measured isotope 
data.
5. It will be shown that the relationship between the carbon and oxygen isotopic 
ratios o f DO and DIC form a daily closed cyclic loop due to in-stream processes 
influencing the isotope compositions.
11
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1.2.2 - The Clark Fork River (CFR, chapter 3)
The results reported here detail a field experiment on the Clark Fork River near 
Deer Lodge, MT that was conducted during the summer o f  2003 (Parker et al., 2004).
1. This study demonstrates that the diel concentration cycles o f  metals and other 
analytes previously observed in the Clark Fork River (Brick and Moore, 1996) 
are reproducible geochemical processes that are permanent components o f  this 
riverine system.
2. This work used multiple sampling sites (gradient approach) which allowed for a 
more detailed refinement o f the rates and mechanisms o f the observed diel 
cycles, and determination o f spatial heterogeneity in the timing and magnitude o f 
these cycles.
3. A conceptual model is presented that explains the daily concentration cycles o f 
dissolved and particulate M n and Z n  (as well as other associated trace elements).
4. Analysis o f  the carbon isotope ratio o f  dissolved carbonate species shows a diel 
cycle in 5 13C-DIC. This investigation examines how this cycle was linked to 
changes in the flux of CO2 into and out o f  the river, which in turn was linked to 
the daily cycle o f aquatic photosynthesis, respiration, gas exchange and 
precipitation.
1.2.3 - Fisher Creek (FC, chapter 4)
The results reported here detail a field experiment on Fisher Creek near Cooke 
City, MT during the summer o f 2003 as well as laboratory experiments to clarify some of 
the field observations (Parker et al.„ in review).
12
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1. This study demonstrates that the diel cycles measured at Fisher Creek during 
2002 (Gammons et al., 2005a) are reproducible during a subsequent year and 
have similar timing and magnitude.
2. It shows that the observed diel changes in concentration o f  Fe at the upstream, 
acidic stations are primarily due to temperature and pH dependent precipitation 
o f  hydrous Fe and Al oxides, m odified by day-time photo-reduction o f  ferric to 
ferrous iron.
3. The observed diel changes in concentration o f Cu2+, Zn2+ at the downstream, 
near-neutral monitoring station are prim arily due to temperature-dependent 
adsorption and/or co-precipitation o f  these metals onto hydrous ferric oxide.
4. Empirically derived metal partition coefficients (temperature dependent) 
between the suspended and dissolved phases will show a diel cycle, with greater 
partitioning to the solid phase during the day, and less at night.
5. It is possible to model these processes using existing geochemical software 
(Phreeqcl), after modification o f  the data bases to include data on the enthalpies 
o f  adsorption o f  Cu2+ and Zn2+ onto hydrous ferric oxide.
1.2.4 - Rio Agrio, Argentina (chapter 5)
This study reports the results o f field work conducted on the Rio Agrio in the 
central Patagonia region o f  Argentina during M arch o f  2004.
1. The results presented here demonstrate that similar diel cycles in major and trace 
metal chemistry will be displayed in the Rio Agrio, a geogenically acidic river, as 
have been observed in Fisher Creek (a stream affected by acid mine drainage).
13
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2. It is shown that in the pH 3 to 5 range, diel cycles in the Rio Agrio will be 
dominated by Fe photo-reduction and temperature- and pH-dependent 
precipitation o f hydrous Fe and Al oxides similar to that o f  the F I, F2 and F2.5 
sites at Fisher Creek.
3. In the pH 6  to 7 range, diel cycles in  trace metals in the Rio Agrio are dominated 
by temperature- and pH-dependent adsorption and/or coprecipitation onto 
biofilms and hydrous metal-oxide surfaces.
4. Data presented in chapter 5 documents diel variations in the concentration o f rare 
earth elements (REEs). Namely, the REEs will be predom inantly in the 
dissolved phase and chemically conserved at pH < 5, but w ill partition into 
suspended metal oxides at pH > 5. Furthermore, a strong diel cycle in REE 
concentration is expected at the downstream monitoring station, where pH is near 
neutral.
1.3 -  Methods
Site descriptions, dates and times o f  individual field experim ents and further 
details o f sampling locations are given in each chapter covering the w ork at that field site. 
A summary o f  pertinent QA-QC data can be found in the appendix, A-5, page 226.
1.3.1 -  The Big Hole River (BHR):
1.3.1.1 -  Field methods:
All sampling bottles were acid washed (5% HNO 3), rinsed w ith deionized water
three times and oven dried prior to field work. River water was collected by hand using a 
60 m L HDPE syringe that was rinsed three times before sam ple collection. All samples
14
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were stored on ice in sealed plastic bags at th e  field site and returned to the laboratory for 
processing immediately following the field w ork.
W ater was sampled from a w ell-m ixed, rapidly flowing reach approximately 
three m from shore and at a depth o f -15  cm  (h a lf  way between surface and bottom). The 
water was immediately filtered on site using 0.2 pm  PES syringe filters. Samples for 
5180 -H 2 0  determination were collected in 4 m L  glass vials with plastic conical inserts in
A O
the caps. Samples for 6  C-DIC were collected by filtering water into 100 mL glass 
bottles for precipitation o f  dissolved inorganic carbon as SrCCL after Usdowski et al.,
1 ft(1979). Unfiltered water for 8  O-DO was collected m pre-evacuated 125 m L serum 
bottles to which 50 pL o f saturated HgCL w as added (prior to evacuation) as a biological
1 ftinhibitor. 8  O-DO sample collection was com pleted as described by W assenaar and 
Koehler (1999). This procedure involves hold ing  the pre-evacuated serum bottle with a 
crimp-sealed septum top underwater while inserting a syringe needle through the septa 
and allowing the bottle to fill to pressure equilibrium . The syringe needle is removed 
underwater, and the bottle is stored on ice in  the field. In situ  temperature, pH, 
dissolved oxygen concentration (mg L"1) and % saturation were measured at each 
sampling time with a Troll 9000 datasonde and  a WTW 340i hand-held meter. The 
instruments were calibrated according to the m anufacturer’s recommendations using 
water-saturated air for the DO probe and standard buffers (pH 7 & 10) for the pH probe. 
Post deployment calibration checks showed that the Troll 9000 DO probe was within 2% 
o f pre-deployment calibration (98% saturation in water-saturated air). A post­
deployment calibration check o f the pH probe indicated that the uncertainty is within 
±0.1 pH units. Photosynthetically active radiation (PAR) values were recorded with a Li-
15
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COR, LI-192SA detector and data logger using the m anufacturer’s calibration. All time 
is reported as local time (MDT, GMT -0600).
1.3.1.2  -  Analytical:
All stable isotope analysis was perform ed in the Department o f  Geological
Sciences at the University o f Nevada-Reno (for both BHR and CFR work). Samples for
5180 -H 2 0  determination were analyzed after Epstein and M ayeda (1953) by the CO 2
equilibration technique after using a M icrom ass Aquaprep device interfaced to a dual-
1 ̂inlet M icromass Isoprime stable isotope ratio m ass spectrometer. Samples for 8  C-DIC 
were measured using the method o f  Usdowski et al., (1979) and analyzed using a
Eurovector elemental analyzer interfaced to a M icromass Isoprime stable isotope ratio
18mass spectrometer after Harris et al., (1997). Samples were prepared for 8  O -DO  
analysis, using a headspace equilibration technique and analyzed using a Eurovector 
elemental analyzer interfaced to a M icromass Isoprime stable isotope ratio mass 
spectrometer using the method described by  W assenaar and Koehler (1999). Isotope 
values are reported in units o f per mil (% o) in  the usual 8  notation versus Vienna Standard
Mean Ocean Water (VSMOW) for oxygen and Vienna Pee Dee Belemnite (VPDB) for
18carbon. Replicate analyses indicate an analytical uncertainty o f  ± 0 .  l% o  for 8  O-DO and 
± 0 .0 5 % o  for 8 13C-DIC.
1.3.2 -  The Clark Fork River (CFR):
1.3.2.1 -  Field methods:
The diel sampling took place from 1100 hours on 31-July to 1000 hours on 01-
Aug., 2003. All times are reported as local time (MDT, GMT -0600). Selected data 
were collected until 1400 hours on the second day. W ater samples were collected on the
16
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hour at the AS1 (upstream) site and on the h a lf  hour at AS2 for the full twenty-four hour 
period using an automated collection system  with 500mL bottles. Four bottles were 
collected each hour at each site. All sam ple and collection bottles were acid washed (5% 
v/v HNO 3) prior to the field work and triple rinsed with deionized water. The samples 
were transported within 10 minutes o f  collection to a field laboratory in Deer Lodge. 
Filtered samples were collected using an in-line filtration system employing a peristaltic 
pump and disposable, 142 mm diameter, 0 .1-pm  cellulose-ester filter membranes. [This 
filtering protocol was developed by the US Geological Survey and has proven to give 
very clean field blanks (below detection) for all trace elements analyzed.] Raw and 
filtered water samples were collected for ICP-AES metals analysis using 125 mL HDPE 
bottles. A clean filter was used for each sam ple and for the field blanks. These samples 
were acidified in the field (to 1% v/v) with concentrated Optima nitric acid. Field blanks 
and blind duplicates were also collected for analysis. Subsequent discussions and data 
analysis will refer to filtered (0.1 pm) samples as dissolved. Samples for carbon isotope 
analysis used filtered w ater (0.1 pm) for precipitation o f aqueous DIC as discussed in 
section 1.3.1.1. Two in situ Submersible Autonom ous M oored Instruments (SAMI-CO2) 
instruments (DeGrandpre et al., 1995, 1999) were used to measure the partial pressure o f 
carbon dioxide (pCCL, patm), photosynthetically active radiation (PAR, Li-COR Inc., LI- 
1928 A detector) and temperature. A Hydrolab DataSonde 3 was used at AS1 to measure 
in-stream pH, temperature, dissolved oxygen and specific conductivity. Hand-held 
WTW 340i meters were used at both sites to record hourly changes in pH, temperature, 
dissolved oxygen and specific conductivity.
17
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The average water-transit time was determined by the addition o f  a sodium
chloride tracer at the upstream site followed by monitoring the specific conductivity at
the downstream site. Discharge4 m easurements were made at the AS1 and AS2 sites with
a M arsh-M cBimey current-meter based on the m ethod of Rantz et al., (1982). The
accuracy o f  these measurements is estimated to be within ±10%. The average measured
1 1stream velocity was 0.22 m s" and 0.15 m s ' at AS1 and 2 respectively. Discharge at the 
AS1 and AS2 sampling sites was measured before and after the diel sampling and a staff 
gage was maintained at AS 1 during the sam pling to measure the river stage.
1.3.2.2 - Analytical:
Samples were analyzed for metals in  filtered and unfiltered w ater by inductively
coupled plasma, atomic-emission spectroscopy (ICP-AES) at the M urdock 
Environmental Biogeochemistry Laboratory at The University o f M ontana using EPA 
method 200.15 with a Thermo Jarrell Ash m odel IRIS ICP. Field and laboratory 
duplicate samples for the elements reported in this study agreed to w ithin 10%. Spike 
recovery for all elements was within 85 to 115%. Field blanks were collected at the 
beginning and end of the sampling period by  filtering deionized w ater using the same 
filter system and protocol used for collecting samples. Values obtained by ICP analysis 
o f the field blanks for Al, As, Cu, Fe, S and Zn were all below the practical quantifiable 
limits (PQL) for this analysis. The ICP-AES values obtained from the field blanks for Ca 
and M n were above the PQL but were 0.3% and 2.7%, respectively, o f  the average 
measured values o f all the samples. The ICP-AES data for sulfur and phosphorous were 
used to calculate sulfate and phosphate concentrations, assuming that these were the
4 Flow (volume/time).
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dominant forms of each element in solution. The average measured phosphorous 
concentration was -0 .8  o f  the PQL but was ~ 6  times higher than the value reported for 
the field blank. Arsenic concentrations were determined using graphite furnace atomic 
absorption spectroscopy (GF-AAS) analysis at M ontana Tech on a Thermo Elemental 
Solaar M 6  atomic absorption spectrometer. Duplicate measurements and QC standards 
were all within ten percent and within 10% o f  arsenic values as measured by ICP-AES.
Stable carbon isotope analysis was perform ed as described in section 1.3.1.2. 
Isotope values are reported in units o f %0 in the usual 8  notation versus VPDB. Replicate
13analyses indicate an analytical uncertainty o f  ± 0 .0 5 % o  for 8  C - D I C .
Precision o f  the wet carbon dioxide partial pressures m easured using the SAMI- 
CO2 is estimated to be ±1 patm at 300 patm and ±12 patm at 1400 patm  due to the non­
linear response o f the instrument (DeGrandpre et al., 1999). The m axim um  value 
reported here is 1498 patm. This instrument was calibrated prior to deployment. PAR
O  A
flux values (pE rrf s' ) were based on the m anufacturer’s calibration o f the sensor.
Onsite determination o f  pH was performed colorimetrically using unfiltered water after 
French et al., (2002), and was based on previous assessment o f  the acid-base properties o f 
the indicator system. The accuracy is <±0.01 pH units (French et al., 2002). The pH 
measurements determined colorimetrically w ere used for the geochemical modeling 
described later and all graphical representations using pH that are presented in the results 
section. Total alkalinity o f  unfiltered water was measured onsite by the open-cell 
potentiometric titration method (Dickson et al., 2003) and Gran-plot analysis after
•1
Edmond (1970). This method is estimated to have a precision within ±10 peq kg’ based
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1on replicate titrations and an accuracy o f  ± 1 0  peq kg’ based on the titration o f four low 
ionic strength sodium carbonate standards.
Filtered samples were used onsite to assess dissolved nitrate and chloride using 
colorimetric tests and a HACH model D R/2010 portable spectrophotometer. Nitrate was 
determined by the cadmium reduction m ethod 8192 and is estimated to have a precision 
o f ±0.04 mg N (as nitrate) L ’1 based on replicate measurements. The nitrate analysis had
A
a practical quantifiable limit o f 0.04 m g L' and the measurement levels at AS1 
approached or went below this value during the night. Chloride was determined by the
A
mercuric thiocyanate method 8113 and the precision is estimated to be ±0.3 mg IS (~ 3 
%) based on replicate measurements.
The SC and dissolved oxygen electrodes were calibrated on the Hydrolab 
Datasonde immediately prior to deployment. Post deployment calibration checks 
showed that the SC detector was within 0.5%  o f pre-deployment calibration and the DO 
probe was within 1 0 % o f pre-deployment calibration.
Raw water samples from AS1 were filtered hourly using pre-weighed fiberglass 
filters to determine the mass o f total suspended solids (TSS) per kilogram o f water 
sampled. All filters were dried at 50 °C for 2 days prior to weighing. Filters from AS1 
and sediment samples from AS1 and AS2 w ere subsequently digested in 15 mL o f  5% 
v/v trace metal grade nitric acid for 48 hours at 50 °C and the supernatant was analyzed 
by ICP-AES for metals content. (TSS was not collected at AS2)
Analysis for ferrous iron in the field on filtered-unacidfied samples with a 
modification o f the FerroZine colorimetric m ethod (To et al., 1999) produced no 
detectable Fe(II). The PQL with this m ethod is 0.20 pg L"1.
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Scanning electron microscopy (SEM ) and energy dispersive X -ray (EDX) 
analysis w as performed at the Imaging and Chem ical Analysis Laboratory (ICAL) at 
M ontana State University using a JEOL M odel 6100/NORAN/Rontec/Oxford scanning 
electron microscope. No standards were used  to quantify the EDX compositions.
1.3.3 -  Fisher Creek
1.3.3.1 - F ield Methods
W ater sampling activities in this study started at 0900 hours on 13-August o f
2003 and continued until 1000 hours on 14-A ugust, exactly one year after the previous 
sampling (Gammons et al., 2005a). All tim es are reported as local tim e (MDT, GMT - 
0600). Filtered samples were collected using an in-line filtration system as described in 
section 1.3.2.2. For selected samples at each site a tangential flow ultra-filtration system 
with a nominal pore size o f 10,000 Daltons o r  -0 .001 pm (Kimball et al., 1995) was used 
to help quantify the presence o f colloids w ith  a nominal size less than 0.1 pm. Field 
blanks were collected at the beginning and end o f  the sampling period by filtering 
deionized water using the same filter system  and protocol used for collecting samples. 
Samples were collected and stored in 125 m L  HDPE bottles. Prior to the field work all 
sample bottles were rinsed overnight with 5%  H N O 3 and triple rinsed with deionized 
water, then filled with deionized water and transported to the field site. Before sample 
collection the DI water was emptied from the bottles and each bottle was rinsed with 
approximately 10 mL o f the water to be collected. Three sample types were collected: 
RA, raw-acidified; FA, filtered-acidified; FU, filtered-unacidified. A ll acidified samples 
were preserved onsite with trace metal grade H N O 3 (1% v/v). Hydrolab DataSondes and 
Multi-parameter hand-held instruments were deployed at the F2, F2.5 and F3 sampling
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sites (Fig. 4.1) to monitor specific conductivity, temperature, dissolved oxygen and pH. 
These instruments were calibrated and m onitored as previously described.
Discharge measurements were made at each site using the stage-discharge method 
with a M arsh-M cBimey current-meter based on the method o f  Rantz et al., (1982).
These measurements are estimated to have accuracy within ±10%. A staff gage was 
maintained at each site and was read hourly at the F3 site and every other hour at the F2 
and F2.5 sites.
Raw water samples were filtered every other hour at F2 and hourly at F3 using 
pre-weighed fiberglass filters to determine the mass o f total suspended solids per 
kilogram o f water sampled. Filters with collected sediment were subsequently digested 
in 15 mL o f 5% v/v trace metal grade nitric acid for 48 hours at 50°C and the supernatant 
was analyzed for metals content by ICP-AES.
An addition o f  concentrated NaCl was made at the F2 sampling site and 
conductivity spikes were monitored at both the F2.5 and F3 sampling sites w ith in-stream 
sondes. The average travel time for water from F2 to F2.5 was 2 hours and from F2.5 to 
F3 was an additional 2.25 hours. The total transit tim e from F2 to F3 was therefore 4.25 
hours during the 2003 sampling, which com pared to 3.8 hours in 2002 when the stream 
flow was slightly higher. This tracer test was conducted im mediately after the diel 
sampling.
1.3.3.2 - Analytical Methods
Metals analysis on filtered and unfiltered w ater samples was performed by
inductively coupled plasm a atomic emission spectroscopy (ICP-AES) using EPA method 
200.15 with a Thermo Jarrell Ash model IRIS ICP. Field and laboratory duplicate
22
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samples for the elements reported in this study agreed within 10%. Spike recovery for all 
elements was within 85 to 100%. Values obtained by ICP analysis o f  the field blanks for 
Al, As, Ba, Ca, Cu, Fe, K, Mg, Mn, Na, P, S and Zn were all below the practical 
quantifiable limits (PQL) for this analysis. The ICP-AES values obtained from the field 
blanks for Si were above the PQL but were <3% o f  the average m easured values o f  all 
the samples. The ICP-AES data for S were used to calculate sulfate concentrations, 
assuming that SO42" was the dominant form o f sulfur measured. Dissolved Fe2+ 
concentrations were determined in the field on filtered-unacidified samples with a 
modification o f the FerroZine colorimetric m ethod (To et al., 1999) using a Flach DR 
2010 portable spectrophotometer. The PQL with this method is 0.20 pg L"1. The ICP- 
AES results from unfiltered and filtered samples w ere used for total and dissolved Fe 
concentrations.
Alkalinity measurements needed for geochemical modeling o f  F3 were made on 
filtered, unacidified samples using standardized HC1 and gran-plot analysis to determine 
the equivalence point.
SEM and EDX analyses were perform ed as described in section 1.3.2.2.
1.3.3.3 - Laboratory Experiments - F3 sediments
Benthic sediment was sampled at the F3 site by collecting streambed material plus 
stream water in a 20-L container. This m ixture was agitated to suspend the fine materials 
and the suspension was poured into a second container. The suspension was allowed to 
settle (~2 h) and the supernatant was removed. The remaining fine sediment material 
was collected, dried in the laboratory at 50°C for 48 hours and stored in a sealed 
container. The starting solutions to be used in experiments w ith F3 sediments were made
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with Z11SO4 and C11SO4 dissolved in deionized water and adjusted to pH  ~6.9 by the 
addition o f  dilute NaOH or H 2SO4 as necessary. The initial concentrations o f dissolved 
Zn2+ and Cu2+ were 350 and 280 pg L ' 1 respectively as determined by  atomic absorption 
spectroscopy (AAS). After the pH -adjusted water was mixed with F3 sediments, no 
further adjustment o f  pH was made. The m ixture was stirred with an overhead stirrer and 
immersed in a temperature controlled w ater bath. The temperature w as held constant for 
6  days and samples were withdrawn periodically, filtered with 0.2 pm  (PES) filters, and 
analyzed for dissolved Zn and Cu by AAS.
1.3.3.4 - Laboratory Experiments - F I water titrations
Titration experiments used a pump for delivering a NaOH solution (0.963 mM) at 
a constant rate o f 0.21 mL m in'1. The pH and temperature were m onitored during the 
experiments using an Accumet AR-15 m eter with a combination pH-ATC probe that was 
calibrated prior to use with standard pH buffers. The titration experiments used water 
collected at the FI sampling site (described in Gammons et al., 2005a). The water was 
placed in an amber bottle and covered with foil to exclude light. The bottle was placed in 
a temperature-equilibrated water bath and m ixed with an overhead stirrer. The pH and 
temperature o f  the water were continuously monitored and samples w ere periodically 
withdrawn for analysis o f  dissolved (< 0.2 pm) Fe by AAS. This experiment was 
performed at four different temperatures and was repeated three times.
1.3.4 -  Rio Agrio
1.3.4.1-Field methods:
Sampling at the Salto del Agrio (SDA) site took place from 15-Mar (1500 hours)
to 16-Mar (1600 hours), 2004. The lower river sites (LRA 1 & 2) were sampled
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simultaneously (1100 hours on 18-Mar. to 1200 hours on 19-Mar-2004). All times are 
recorded as local time (AST, GMT -0300). A ll sample bottles (HDPE) were rinsed with 
5% v/v nitric acid for ~12-hours and then triple rinsed with deionized water. Bottles 
were filled with DI water and transported to  Argentina. The deionized water in these 
bottles was the source o f  rinse (DI) water for field and laboratory work in Caviahue. All 
field water samples in Argentina were collected by hand using a 60 mL HDPE syringe 
that was triple rinsed with the water to be sam pled at the time and then rinsed twice with 
deionized water between samplings. Samples w ere collected hourly at SDA and LRA-2; 
every other hour at LRA-1. Both unfiltered (RA, raw acidified) and filtered (FA, filtered 
acidified) samples were collected at most sam pling times at all sites. Filtered samples 
were collected onsite using a 0.2 pm PES syringe filter. Samples bottles were rinsed with 
~5 mL o f sample water before filling. Field blanks were collected by filtering deionized 
water using the same protocol used for river w ater samples. Field duplicate samples were 
also collected during each o f the experiments. A ll samples were acidified onsite with 
Optima HNO3 to 1% v/v. Temperature, pH, dissolved oxygen (DO) and specific 
conductivity (SC) were recorded using a W TW  340i hand-held meter. The meter was 
calibrated prior to each sampling experiment according to the m anufacturer’s 
recommendations. Dissolved Fe2+ concentrations were determined in the field on filtered 
samples with a modification o f the FerroZine colorimetric m ethod (To et al., 1999) using 
a Hach DR 2010 portable spectrophotometer. An underwater PAR detector (Li-COR 
Inc., LI-192SA) and data logger was used at the SDA and LRA-2 sites and programmed 
to collect photosynthetically active radiation flux every 30 minutes.
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All sample bottles were sealed with “parafilm ” and stored in sealable plastic bags 
before transporting to the USA. Analytical analysis was performed in the USA.
Discharge measurements were m ade at the SDA and LRA-2 sites using the stage- 
discharge method described previously. A s ta ff gage was m aintained at the SDA and 
LRA-2 sites and read hourly.
1.3.4.2 -  Analytical:
M etals analysis on all filtered and unfiltered samples was performed by ICP-AES
at the M urdock Laboratory at the U niversity o f  M ontana with a Therm o Jarrell Ash 
m odel IRIS ICP. Analysis of SDA samples used EPA method 6010 and all LRA 
samples used EPA method 200.15. Analysis o f  the SDA samples included the following 
QA-QC results. Field and laboratory duplicate samples for Al, Ba, Ca, Fe, K, Mg, Mn, 
Na, S, Si, Sr and Zn agreed within 10%. Spike recovery for the above listed elements 
was within 85 to 100%. Values obtained by  ICP analysis o f  the field blanks from the 
SDA site were all below detection for reported elements.
Analysis o f the LRA samples included the following QA-QC results. Field and 
laboratory duplicate samples for Al, Ba, Ca, Fe, K, Li, Mg, Mn, Na, S, Sr and Zn agreed 
within 10%. All sample measurements for silicon were above the detection range (10 mg 
L '1) and were reported as high. Spike recovery for the above listed elements was within 
90 to 110%. Field blanks from the LRA sites were all below the practical quantifiable 
limit (PQL) for reported elements except for silicon which was 0.056 mg L ' 1 (avg) with a 
PQL o f 0.02 mg L '1.
The ICP-AES results from unfiltered and filtered samples were used for total and 
dissolved iron concentrations. The dissolved ferric iron concentrations were determined
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by subtracting the Fe(II) concentrations from the total dissolved iron as determined by 
ICP-AES.
Arsenic concentrations were determ ined using graphite furnace atomic absorption 
spectroscopy (GF-AAS) analysis at M ontana Tech on a Thermo Elemental Solaar M 6  
atomic absorption spectrometer. Duplicate m easurem ents and QC standards were all 
within ten percent.
The concentrations o f all lanthanide series rare earth elements (REEs) except Pm 
were determined at W ashington State U niversity using a ThermoFinnigan Element 2 
inductively coupled plasma-mass spectrom eter (ICP-MS). Pre-concentration was not 
required for analysis o f  any samples, but samples with lower pH and higher total 
dissolved solids required dilution. Indium and rhenium  were used as internal standards. 
The following masses were monitored: 139La, 140Ce, 141Pr, 146Nd, 147Sm, 151Eu, 160Gd, 
159Tb, 163Dy, 165H o, 166Er, 169Tm, 174Yb, and 175Lu. The masses were selected and the 
forward power and argon flow rates for the plasm a were adjusted to minimize isobaric 
oxide interferences. However, corrections were made for 151Eu due to 135B a160  
interference in all samples, and for 159Tb due to interference from 141P r180  in most o f the
A
samples. The ICP-MS was calibrated using standards containing 0.08, 0.4, 2, and 8  pg U  
o f each REE. Quality control was maintained by analyzing two mid-level standards and a 
blank every ten samples in the analysis. D ata were reprocessed offline using a 
standardized spreadsheet. Instrument detection limits (IDL) were determined by 
analyzing 10 instrument blanks (acidified 18-M O-cm de-ionized water). The standard 
deviation o f instrument-blank concentrations for each analyte was multiplied by the
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Student’s t at the 99% confidence level (2.821) to calculate the IDL, which ranged from 
approximately 0.2 to 1.9 ng L ' 1 depending on  the REE.
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Chapter 2: The Big Hole River
Diel cycles in stable isotopic composition of 
dissolved 0 2 and DIC in a river due to 
biogeochemical processes.
2.1 - Introduction
Previous studies have shown that the 8 lsO o f dissolved oxygen (DO) in an aquatic 
system can vary in relation to the degree o f  oxygen saturation (Quay et al., 1995; 
W assenaar and Koehler, 1999; Russ et al., 2004). Photosynthesis, respiration, and air- 
water gas exchange can have a direct effect on both the concentration and isotopic 
composition o f DO. In general, photosynthesis by aquatic plants produces DO that is 
similar in isotopic composition to the source w ater (Guy et al., 1993; Telmer and Vezier, 
2004). Since the 8180  o f most natural waters is lower than the S180  o f air,
1 ftphotosynthesis tends to lower the 8  O o f D O  m a over. In contrast, community 
respiration causes a kinetic isotopic fractionation o f  molecular oxygen that enriches the 
residual DO in the water column with the heavier isotope (Kroopnik, 1 9 7 5 ;  Guy et al., 
1 9 9 3 ) .  Equilibrium exchange across the air-water interface generates dissolved oxygen 
in the water column that is about 0 .7 % o  heavier than atmospheric oxygen (Friedman and
1 ftO ’Neil, 1 9 7 7 ;  Benson and Krause, 1 9 8 0 ) .  Since the global average 8  O o f  atmospheric 
oxygen is + 2 3 .5 % o  (Kroopnik and Craig, 1 9 7 2 ) ,  this means that DO in isotopic
1 ftequilibrium with air should have 8  O  =  2 4 .2 % o . However, in instances w here the D O  
concentration o f water is rapidly changing due to in-stream biological processes, it is
1 ftlikely that 8  O-DO values can deviate substantially from this equilibrium value.
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1 ft
Previous studies have used 8  O-DO measurements to quantify the relative rates
A Q
o f photosynthesis and respiration in rivers and lakes. Quay et al., (1995) observed 8  O-
DO values that ranged from 15 to 30%o in the Amazon Basin, Brazil and found that these
systems were respiration dominated. U nder-ice DO measurements from the Athabasca
River, Canada (W assenaar and Koehler, 1999) showed an increasing enrichment in S180 -
18DO w ith decreasing DO concentration. Investigations o f DO and 8  O-DO in Lake 
Superior, Canada (Russ et al., 2004) found spatial and temporal variations on a seasonal
1 ftscale and also demonstrated that trophic levels had significant effects on the 8  O-DO. 
Studies in the Ottawa River, Canada and tw o smaller watersheds (W ang and Vezier,
2 0 0 0 ) indicated that these river systems w ere respiration dominated year-round and that 
temperature had the same relative effect on both photosynthesis and respiration rates. 
These studies have shown that it is possible to combine the chemical and isotopic mass 
balance equations for O2 to calculate the respiration to photosynthesis ratio (R:P) in 
aquatic systems, and how this ratio changes with the seasons. The previous investigators 
made a steady state approximation, assuming that diel changes in the concentrations o f 
[180 2 ] and [O2] were negligible. This assum ption is not valid for highly productive rivers 
that can experience large changes in DO concentration and isotopic composition over a 
diel period, as these results will show. No literature has been found reporting 
measurements o f 8 lsO-DO over a 24-h period other than several preliminary studies 
(Tobias and Bohlke, 2004; Silva et al.„ 2004; Jamieson et al., 2004)
ITThe carbon isotope composition o f  dissolved inorganic carbon ( 8  C-DIC) has 
been used as a tracer for studying biogeochemical processes in other systems (Usdowski 
et al., 1979; Spiro and Pentecost, 1991; Tobias and Bohlke, 2004; Silva et al.„ 2004).
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Similarly to DO, the isotopic composition o f  dissolved inorganic carbon (DIC) in a river 
is determined by a balance o f the effects o f photosynthesis, respiration, and gas exchange, 
as well as carbonate mineral precipitation or dissolution. During photosynthesis,
• 1 ? 1 ”3
aquatic plants uptake CO2 at a faster rate than  CO2 (Falkowski and Raven, 1 9 9 7 ) .  In 
free flowing, well mixed aquatic systems C O 2 for photosynthesis is usually not diffusion 
limited (O ’Leary, 1 9 8 8 , 1 9 9 3 )  and the carbon isotope ratio is controlled by the fixation o f 
CO2. Conversely, plant respiration and soil m icrobes typically produce CO 2 that has an 
isotopic signature similar to that o f  the indigenous vegetation (Clark and Fritz, 1 9 9 7 ) .  In 
temperate regions, C3 plants are the dominant species in both aquatic and terrestrial 
regimes with S13C values in the range o f  - 2 0  to -3 0 % o  (Clark and Fritz, 1 9 9 7 ) .  Thus, 
biogenically produced CO2 is normally isotopically light relative to atmospheric CO2 
which in the western USA is typically in the range o f -7 to -8 .5 % o  (NOAA data, 2 0 0 4 ) .  
Equilibrium fractionation o f atmospheric CO 2 should produce dissolved carbon dioxide 
with S13C = - 8 .2  to -9 .7 % 0, and bicarbonate ion with 513C = -1  to + 3  %o (Thode et al., 
1 9 6 5 ;  Clark and Fritz, 1 9 9 7 ) .  In streams w ith alkaline pH, the DIC is dominated by 
bicarbonate.
Groundwater inputs can also be an im portant variable in controlling the isotopic 
composition o f DIC and, to a lesser extent, DO in a river. Groundwater w ill typically 
contain DIC that is isotopically light and DO that is isotopically heavy, due to the 
influence o f plant and microbial respiration in the subsurface.
Diel 8 13C-DIC has been previously studied in calcium carbonate depositing 
springs (Usdowski et al., 1979; Spiro and Pentecost, 1991). It was determined in these 
cases that off-gassing o f carbon dioxide and precipitation o f  calcite were the major
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processes influencing the inorganic carbon mass balance and carbon isotope composition 
o f  the stream. However, no reviewed literature was found in which diel cycles in 8 13C- 
DIC were attributed to biological processes.
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Figure 2.1: Dickie 
Bridge sampling site on
2.2 - Site description:
This study details two samplings (21-August and 24 to 25-September, 2004) that
were conducted in the Dickie Bridge (Fig. 2.1, N45° 51.86' W 113° 5.16', 1750 m elev.) 
area o f  the Big Hole River, about 40 km southwest o f Butte, M ontana, USA. The Big 
Hole River is undammed and drains a sparsely-populated, high elevation basin (~1900 m
9 • • • • • •above sea level) o f approximately 7200 km . The principal activities in the basin are 
farming, ranching and recreation. This river has had little historical im pact from mining 
or industrial sources. Additionally, the Big Hole River is home to the last self-sustaining 
population o f fluvial Arctic grayling in the lower 48 states, a species which may soon be 
listed as endangered (MT-FWP, 2004). The river and its tributaries are im portant sources 
o f w ater for municipal and agricultural uses and a diversion aqueduct and pum ping
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station at Divide, MT supplies domestic w ater for Butte, MT. Previous work (Gammons 
et al., 2001; Ridenour, 2002; Wenz, 2003) has summarized the general geochemical 
characteristics o f  the Big Hole River. The average values for selected chemical 
parameters measured during four summer diel samplings at Dickie Bridge are given in 
Table 2.1. The results show very large diel ranges in pH (up to 2.0 standard units) and
•i
DO (up to 5 mg L' ) during each sampling event, and also show that the conditions o f  the 
river during August, 2004 were similar to previous years. Overall, the Big Hole River at 
Dickie Bridge can be classified as a N a-Ca-bicarbonate water, w ith alkaline pH and low 
to moderate alkalinity.
Table 2.1: Selected chemical parameters for the Big Hole River at Dickie 
Bridge. All values are 24-h averages. Data for major ions are in mmol L'1. 
Flow in m3 s '1, n.a. = not analyzed.
Date Ref. Flow pH (range) DO, mg/L (range) Temp °C (range)
8-15 to 8-16, 2000 a 3.1 (est) 8.93 (7.73 -9 .7 7 ) 8.0 (5 .6 -1 0 .5 ) 14.7 (11 .0 -18 .5 )
8-3 to 8-4, 2001 a 5.5 8.09 (7.16 -8 .9 7 ) 7.8 (5 .5 -1 0 .5 ) 17.5 (14 .7 -20 .9 )
8-6 to 8-7, 2002 a 6.1 9.50 (8.90 -1 0 .0 ) 7.4 (5 .1 -9 .8 ) 16.8 (14 .4 -19 .2 )
8-10 to 8-11, 2004 b 4.4 9.28 (9.01 -9 .5 8 ) 7.6 (5 .8 -1 0 .1 ) 18.2 (13 .0 -23 .0 )
Date Ca2+ Mg2+ Na+ K+ S 0 42' Cl' HCO3' CO32'
8-15 to 8-16,2000 0.36 0.14 0.45 0.090 0.039 0.054 1.46 0.054
8-3 to 8-4, 2001 0.29 0.11 0.45 0.077 0.050 n.a. 0.88 0.010
8-6 to 8-7, 2002 0.28 0.11 0.44 0.072 0.033 n.a. 0.75 0.148
8-10 to 8-11, 2004 0.36 0.11 0.56 0.095 0.038 0.059 1.04 0.140
a -  Wenz, 2003; b -  Parker, S. R., Gammons, C. H., unpublished data.
Additionally, the partial pressure o f  dissolved CO2 (pCO2) was measured (as 
part o f  a separate study) over a diel period from  10-August to 11-August o f 2004 with an 
average value o f  15.4 patm (range; 8.6-24.5; DeGrandpre, unpublished data) using a 
SAMI-CO2 (DeGrandpre et al., 1995, 1999). The averagepC O z  calculated using pH, 
temperature and alkalinity during the Septem ber sampling was 32 patm. In comparison, 
the computed partial pressure o f CO2 in equilibrium  with atmospheric CO2 at the site
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elevation is -250  p.atm. The low pC O i values demonstrate the high prim ary 
productivity5 o f the Big Hole River in late summer, and furthermore indicate that the 
river was highly undersaturated with respect to atmospheric carbon dioxide during all o f 
the field work of this study.
The average flow measured during the August 10 to 11, 2004 diel period was -4 .4  
m 3 s' 1 (Parker and Gammons, unpublished data) and based on personal observation the 
discharge was not substantially different during the field experiments reported here 
although flow measurements were not taken.
The large diel fluctuations in pH and dissolved oxygen concentration that have 
been observed during summer, low-flow conditions (Table 2.1) are attributed in part to 
loading o f  nutrients from agricultural runoff, leading to periodic algal bloom s and a 
chronically thick layer o f periphyton coating boulders in the streambed. The first field 
study reported here took place on 21-August, 2004. Thirteen samples w ere collected 
hourly from 0700 to 1800 hours. The second field study occurred from 1700 hours on 
24-Sep. to 1800 hours on 25-Sep., 2004. N ineteen samples were collected hourly during 
the day and at longer intervals (1.5 to 3 h) during the night. The sampling site was chosen 
partly because o f the large diel pH and DO fluctuations cited above as well as the lack o f 
obvious ground or surface water contributions in the study reach. All sampling was 
conducted in the main stem of the river. W eather during the 21-August sampling 
included scattered clouds and a b rief thundershower during the afternoon while no clouds 
were present during the entire September sampling.
5 Primary productivity is a measure of the amount o f carbon fixed by plants within the system per area per 
unit time. This will be measured here as moles 0 2/L/h. Oxygen and carbon dioxide can be roughly related 
by the Redfield equation (eqn. 1.1).
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2.3 -  Results and discussion:
2.3.1 - Chemical and physical parameters
(See Appendix A -l for field data, pp. 157, 159, 160, 162)
In situ measurements o f temperature, pH, dissolved oxygen concentration and
PAR (pE m ' 2 s '1) (Fig. 2.2) for the August and September sampling events showed large
diel fluctuations. The amplitude o f the cycles were somewhat more pronounced in
August vs. September. During the day, photosynthesis produced O2 and consumed CO2,
which caused the pH o f the water column to increase. These relationships reversed at
night when respiration was the only biological process. The larger amplitude in the diel
pH and DO curves in August is explained by  the longer period o f  solar illumination and
the warmer water temperatures at this time (the maximum temperature on 21-Aug was
6 °C higher than on 25-Sept), which increased the rates o f biological reactions.
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Figure 2.2: Diel changes in chemical and physical parameters during the 21- 
August, 2004 (a & b) and the 24 to 25-September, 2004 (c & d) sampling. PAR 
(photosynthetically active radiation, pE m '2 s '1); pH, dissolved oxygen (DO, % 
saturation) and water temperature (°C) are plotted vs. local tim e (MDT, GMT - 
0600). The shaded areas represents the non-photosynthetic period as defined 
by the PAR.
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2.3.2 - 8180 -D 0  and 813C-DIC cycles
(Isotope data in Appendix A -l, p. 158, 161)
1 8The average 5 O-H2O values o f  B ig Hole River water during the August and 
September samplings were -16.1%o (±0.1, n=13) and -17.0%o (±0.04, n=19), respectively. 
The short-term temporal variation in 5 180 -H 2 0  during both sampling events was within
A Q
the precision o f the isotopic analysis. In contrast, large diel swings in 5 O-DO were 
observed in both August and September (Fig. 2.3), with O2 becoming isotopically lighter 
during the day and heavier at night.
28
24
20  -
O
Q
0  16
00
To
1 12 -I
V I /  /  /  / / / 1  /  / / ’ / ■  / I  ' / / / / / / /  /  / /  /  - / / / / / / / /  , / W  . / '  / ,m
. . . . . . . . . . . . . . . . . . . . . . . 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 ■
s '  / - 1' / ' 7 ' / y  DO (Sept)
■  air / \ W  /
\ / / / / / / / / / / / / /
DO (Aug)
t f
air CL
-10.0
0
0 ^
-10.5
O
Q
-11.0 6
CO
To
-11.5 I
a:
-12.08
1400 2000 0200 0800 1400 2000
Time of day
Figure 2.3: Diel changes in 5lsO-DO and 513C-DIC in the Big Hole River during 
August and September of 2004. Direction of isotope changes influenced by 
photosynthesis (P) and respiration (R) are shown on both the 5180 -D 0  and 813C-DIC 
axes. [Average standard deviations based on duplicate field samples are 0.44 and 
0.08%o for 5180 -D 0  and 513C-DIC, respectively.]
The figure includes interpretation on each axis that describes the effects that
• . . .  *18 13
photosynthesis and respiration will have on the 8  O-DO and 5 C-DIC. In September
1 ftthe range from the minimum to maximum 5 O-DO was roughly 7% 0 (18.7 -  26.4%o). In 
August the total range in 8180 -D 0  was even greater, about 13%o (12.4 -  25.5%o). The
36
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
greater isotopic variation in August vs. September is partly explained by higher 
biological activity in the warmer season, as well as the lower solubility o f  O 2 in warm vs. 
cold water. For both sampling events, the D O  saturation trend was inversely correlated to
5180 -D 0  (R2=0.95, p<0.0001 in August; R2 =0.88, pO.OOOl in September).
18During the day, the 5 O o f dissolved oxygen decreased, and was much lower 
than that o f  atmospheric O2 in equilibrium w ith  DO (+24.2 %o), indicating that
1 Q
photosynthesis was producing isotopically light oxygen w ith 8  O equal to the water 
value faster than equilibrium could be established via gas exchange across the air-water 
interface. At night, this relationship reversed due to respiration, although the extent o f 
enrichment o f 180  in the water column during the night was much less than the depletion 
o f 180  during the daytime. These results com pare to a range for 8 lsO-DO o f 24 to 30%o 
for sixteen rivers in the Amazon Basin (Quay et al., 1995) w hich had a mean O2 
saturation o f 64% (±21%). The mean value for 5180 -D 0  in this study was 26%o which 
was significantly above atmospheric saturation, indicating respiration dominated systems. 
The smaller 180  isotope range in DO was in  part due to the 5 180 -H 2 0  o f approximately - 
5%o o f  the Amazon vs. -16 to -17%o for the Big Hole River. In the A thabasca River, O 2 
saturation ranged from 120 to 45% while the 5180 -D 0  varied from 18 to 27%o 
(W assenaar and Koehler, 1999). The 180  signature o f the source water in this system was 
similar to the Big Hole River with a 8 !80 -H 2 0  o f -19 to -21%o.
The isotopic composition o f DIC showed a diel variation o f  1.5%o during the
13September sampling (Fig. 2.3). The fact that 8  C-DIC was much lighter at all times than 
the value corresponding to equilibration with atmospheric CO 2 (-1 to +3%o) suggests that 
much o f the inorganic C in the river was biogenic in origin. The smaller variation in
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1-1 1 o
8  C-DIC relative to 8  O-DO is explained b y  the approximately five fold higher 
concentration o f DIC in the water column versus DO. 8 13C-DIC began decreasing at
1 R1800 hours (1-2 hours after 8  O-DO began to increase), and reached a minimum at 0630 
hours. This trend is attributed to the production o f  isotopically light biogenic CO2 by
1 3respiration, and the absence o f any CO2 uptake by photosynthesis. The 8  C-DIC never 
exceeded a maximum value o f about -1 0 % o  during the 2 4 - h  sampling period. This 
indicates that the DIC never approached equilibrium  with atmospheric CO2, and that the 
contribution o f biogenically light carbon by community respiration had a large influence 
on the dissolved inorganic carbon isotope ratio. Additionally, since the river was 
undersaturated in CO2 during the 2 4 - h  period, de-gassing did not have a significant 
contribution to the isotope composition o f the DIC. The 1 .5 % o  ( - 1 0 .0  to - 1 1 .5 %o) change 
in 8 13C-DIC reported in this study compares to a change o f  1 .0 % o  ( - 1 1 .3  to -1 2 .3 % o )  for 
the near-by Clark Fork River, MT during a diel experiment from 31- July to 1-August, 
2 0 0 3  (Parker et al., 2 0 0 4 ) .
Photosynthesis began to affect the system  after 0630 hours, and this caused the 
8 13C-DIC to increase as a result o f kinetic fractionation associated with the preferential 
uptake o f 12C 0 2 by aquatic plants. Photo-respiration by C 3 aquatic plants during the 
daytime produced biogenic CO2 which would have dampened the effect o f the 
photosynthetic fractionation to some extent.
2.3.3 -  Gas exchange and net productivity:
(Calculations & raw data Appendix A -l, p. 159, 162)
Following Quay et al., (1995), the rate o f  change in oxygen concentration can be 
represented by equation (2 .1 ):
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d [0 2 ] J q A
dt
( ^ - [ O ^ J - R  + P + A V-V
w here G is the gas transfer rate for oxygen (m  h " ), Z is the average river depth (m), [0 2 ]s 
is the dissolved oxygen concentration at saturation (mol L"1), [Chjw is the measured DO 
o f the w ater (mol L '1), d[0 2 ]/dt is the m easured hourly change in DO (mol L ' 1 h '1), R  is 
the change in DO due to respiration (mol L~' h"1), P is the photosynthetic production o f 
oxygen (mol L X h 1), and A is the accrual o f  O 2 from ground or surface water sources. In 
this study, inputs o f O2 from groundwater w ere assumed to be negligible, based on the 
absence o f  any obvious springs and a constant specific conductance near the shore o f the 
river for 1 km upstream of the study area. A lthough DO can also be consum ed by 
oxidation o f  dissolved metals such as Fe2+ or M n2+, the concentrations o f  these solutes in 
the Big Hole River are too low to influence the diel O2 mass balance (Ridenour, 2002).
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Figure 2.4: Plot of d [0 2 ]/d t  (pmol L" 
1 h 1) vs. ( [0 2]s- [0 2]w) (pmol L'1) 
during night-time for August (a) and 
September (b).
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Numerous gas transfer rates (G) for oxygen are published in the literature, but 
these values are highly sensitive to changes in the local river conditions. By 
rearrangement of equation (2.1), the ratio o f  G/Z or the “aeration coefficient” can be 
determined from the slope o f  a plot o f  d[C>2 ]/dt versus ([0 2 ]s-[0 2 ]w) for data collected at 
night when P is zero. This method adapted from Odum (1956) was chosen since it used 
in situ data for the calculation. The use o f  field measurements rather than semi-empirical 
calculations to determine gas exchange coefficients has been supported in the literature 
(Melching and Flores, 1999). This approach yielded aeration coefficients o f  0.51 h ' 1 and 
0.59 I f 1 for August and September respectively (Fig. 2.4). These values compare to a
A
range o f  2.0 to 0.013 h ' reported by Bennett and Rathbum (1972) for streams with
A
average flow velocities in the range o f  the B ig Hole River (~0.4 m s‘ ). The average 
depth (weighted for flow) was calculated to be 0.35 and 0.40 m for August and 
September respectively. Based on the aeration coefficient, this yields gas transfer 
velocities o f 0.18 and 0.24 m IT1 for August and September. These values compare to 
0.47 m  f r 1 calculated for the nearby Clark Fork River near M issoula, MT (Reynolds,
2001) which had a flow approximately 6.5 times larger than the Big Hole River. The net 
productivity (P -  R, or Pnet) o f the river was then determined by rearranging equation 
(2 .1) to yield equation (2 .2 ).
(P -  R ) = Pnet = ^  -  ( % ) l 0 2 ] s -  [ 0 2  ] „  ) (2-2)
a t  '  ^
The Pnet value calculated in this manner is the change in O2 concentration per hour 
corrected for gas-exchange and assumes that no O2 accrual is occurring from other water
A Q
sources. Figures 2.5a and b show the net productivity and the 5 O-DO for both
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samplings. The maximum Pnet occurred at 13 0 0  hours (5 5  pmol O2 L ’1 h '1) and 1 5 3 0  
hours (4 5  p.mol O2 L ' 1 h '1) for August and Septem ber respectively. The m inim a in the 
5180 -D 0  measurements occurred at 1 4 3 0  and 1 4 0 0  hours in August and September, 
respectively, and were approximately in phase w ith the maxima in Pnet. In September, 
the average rate o f consumption o f O2 due to  respiration from 2 0 3 0  hours to 0 7 0 0  hours 
was 5 .1  pm ol L ' 1 h ' 1 ( ± 0 .7 ) .  During the sam e time period the average S180-D O  was 2 6 .0  
% o  ( ± 0 .4 ) ,  which is heavier than expected for DO in equilibrium with atmospheric oxygen 
(2 4 .2 % o ) due to the influence o f community respiration.
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Figure 2.5: Diel changes in net productiv ity (Pnet, 0 2 nmol L 1 h '1)
and 5180 -D 0  during August (a) and September (b) of 2004. [Accuracy of the 
Pnet measurements is assumed to be w ith in  ±1.0  nmol L 1 f r 1 based on the 
uncertainty of the [0 2] measurement.]
Integrating the area below the zero line for the net productivity curve yielded a total 
night-time O2 loss o f 59 pmol L ’1 during the 12.5-h period from 2000 to 0800. The total 
daytime production o f O2 was 344 pmol 171 over the remaining 11.5 hours. The net 0 2 
balance due to photosynthesis and respiration for the 24-h period o f  the September 
sampling was ±285 pmol L’ 1 da’1, indicating that photosynthesis was the dominant 
biological process over the 24-h period with a net contribution o f  O2 to the atmosphere. 
The total net daytime productivity during the A ugust sampling was 332 pm ol L’1.
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Assuming an error o f  ±20 pmol L ' 1 h ' 1 due to  low precision in the DO measurements 
these overall productivity measurements m ay  not be different. The brief thundershower 
during the afternoon o f  21-August decreased the light intensity available for 
photosynthesis such that the overall daytime productivity in August was similar to 
September. Based on the average depths, these net productivity values correspond to O2 
fluxes o f 116 and 91.2 mmol m ' 2 da ' 1 for A ugust and September, respectively. Primary 
productivity values reported for streams in Idaho, Michigan, Oregon and Pennsylvania 
had a range o f fluxes from 3.1 to 200 m m ol O2 m ' 2 da ' 1 (Bott et al., 2005). M unn and
9 1
Brusven (2004) measured oxygen fluxes ranging from 25 to 100 mmol O2 m ' da' for an 
unregulated reach o f the North Fork o f  the C learw ater River, ID, which is a similar 
mountain river to the Big Hole.
2.3.4 -  Modeling the diel change in 180 2:
(Raw data and calculations Appendix A -l, p. 163)
The 180 2  concentration and 8 lsO-DO composition can be related by equation (2.3) 
from Quay et al., (1995).
d[18o,
2
dt
f - 1
v z j
l r _ 1 18:16 18:16 1 18:16„  , „  18:1
a  [O 1 ■ O • a  -[O  ] • O -R - O -a +P- O -a (23)
g l L 2 s a s  2 w DOJ DO r w p v ’
The term 1 8 16Oa represents the ratio o f 180  to l60  in air; a g is the ratio o f the gas transfer 
velocities o f 180 - 160  vs. ,60 - 160  of 0.9972 (Knox et al., 1992); a s is the ratio o f  the 
solubility o f 180 - 160  vs. 160 - 160  in water o f  1.0007 at 28°C (Benson and Krauss, 1980); 
18: 16O d o  is the ratio o f 180  to 160  in the dissolved oxygen determined from the measured 
values o f 5180 -D 0 ; a r is the ratio o f the rate o f  consumption o f  180 - 160  vs. 160 - 160  by 
respiration o f 0.982 +0.003 (Quay et al., 1995); 1 8 16Ow is the ratio o f 180  to 160  in the
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1 8river w ater determined from the measured 5 O-H2O; and a p is the ratio o f the rate o f 
consumption o f H2 180  vs. H2 160  by photosynthesis o f  1.000 ±0.003 (Guy et al., 1993). 
The 1 816Oa was calculated from two m easurements o f  S180 -a ir  during September w ith an 
average value o f  23.48%o. The absolute ratio o f 18160  in VSM OW  used was 0.002052 
(Baertschi, 1976). The aeration coefficient (G/Z), respiration (R), and primary
productivity (P) have been discussed previously. This calculation assumes that the
18 18concentration o f O- O is low enough that it has no impact on the isotope results.
The rate o f change in the concentration o f  180 - 160  (d[180 2 ]/dt) was modeled for 
September using equation (2.3). The value o f  R used in this calculation was 5.1 pmol L ' 1 
h '1, the average night time respiration rate determ ined previously. The daytime 
productivity rate (P) was determined from P net assuming R  is constant. This 
approximation makes the assumption that photorespiration during the day is negligible. 
Figure 2.6 shows the modeled rate using equation (2.3) for d [18C>2]/dt versus the rate 
determined from the measured [O2] and 6180 -D 0 .
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Figure 2.6: The change in 
180 2 concentration with time 
(d [180 2]/d t,  (imol L '1 h '1) 
during September calculated 
from equation (2.3) versus 
the rate determined from field 
data. [Accuracy o f the 
d [180 2]/d t  calculation is 
assumed to be w ith in ±0.005 
qmol L'1 h"1 based on the 
uncertainty of the [0 2] 
measurement.]
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The m odeled rate is well correlated (R2=0.88, p<0.0001) with the rate determined from 
field data. The calculated rate reaches a m axim um  value at 1000 hours and the rate based 
on field data peaks at 1100 hours. This m ay be due to photorespiration w hich can retard 
the photo synthetic rate o f O2 production as i t  approaches a daytime maximum. The 
fractionation factors were used as cited above. Although isotope fractionation (a ) does 
change with temperature it has been assum ed that for this low temperature range the 
effect is small and has been omitted. The value for a r referenced above and used in this 
calculation was measured for the Amazon Basin. Other published values o f  a r for micro- 
algal and bacterial respiration range from 0.972 to 1.00 (Kiddon et al., 1993; Luz et al.,
2002). Using a r values across this range did not change the modeled result.
2.3.5 -  513C-DIC versus 6180-D 0:
Although the diel changes in 5180 - D 0  and 8 13C-DIC reported here are clearly 
related to the daily cycle o f photosynthesis and respiration, it is interesting to note that -  
based on these results -  the timing o f the m axim a and minima o f these two isotopic 
systems are not in phase. Thus, when plotted against each other, the data from the 
September sampling form a closed loop instead o f a single reversible linear or curved 
path (Fig. 2.7). The circular pattern is a result o f the difference in tim ing and rates o f the 
O2 and CO2 fluxes into and out o f the water column. For example, the trend in isotope 
composition from 1400 hours to 1830 hours can be explained by the fact that the water is 
supersaturated in O2 and will be driven towards equilibrium w ith heavier atmospheric
10 , ,
oxygen. The rate o f change in O2 reached a maximum at 1100 hours (Fig. 2.6) 
suggesting that after this time gas exchange is comparable to DO production.
Additionally, the net productivity began decreasing after 1530 hours (Fig. 2.5) indicating
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that photosynthesis was less dominant after this time. During the same time period CO2 
is undersaturated (see Site Description) and both gas exchange and photosynthesis will 
result in isotopic enrichment o f DIC. From 1830 to 2030 hours respiration contributes to 
an increase in 8180 -D 0  and a decrease in 8 13C-DIC. After 2030 hours the rate o f DO 
consumption by respiration and gas exchange becom e approximately balanced such that 
the 8 lsO-DO is relatively constant over night but the 513C-DIC continues to decrease 
because gas exchange does not counterbalance respiration for the com paratively slow 
CO2 exchange (Fig. 2.3). Starting at -0800  hours, photosynthesis becomes the dominant 
process and 8180 -D 0  decreases while 8 13C-DIC increases. D uring the time periods 1830 
to 2030 and 0800 to 1400 both 8 lsO-DO and S13C-DIC show reasonable negative 
correlation during the time when gas exchange is less important because DO is closer to 
saturation.
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Figure 2.7: The relationship between 513C-DIC and 6180 -D 0  over the 24-h 
sampling period in September, 2004. [Error in isotope measurements 
discussed in Figure 2.3.]
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Further detailed studies are needed to better elucidate the timing and connectedness o f  
these isotope cycles.
2.4 -  Conclusions:
This study has documented substantial and reproducible diel changes in 5180 -D 0  
in two field studies on the Big Hole River, M T  as well as a significant diel change in 
5°C -D IC  in one o f these studies. The § lsO-DO cycle was inversely related to changes in
13the percent saturation o f the dissolved oxygen and 5 C-DIC o f the system. A significant 
result is the fact that the decrease in 5180 - D 0  during the day, to a value well below 
atmospheric equilibrium, was due to the production o f  DO by photosynthesis from 
substrate water that had a much lower S180  than atmospheric O2. W hereas the increase at 
night was in response to preferential consumption o f  light O2 by respiring organisms 
coupled with an influx o f isotopically heavy O2 from the atmosphere. The nighttime 
5180 -D 0  stabilized above the atmospheric equilibrium  value due to the effect o f 
community respiration balanced by gas exchange.
The changes in carbon and oxygen isotope ratios were fundamentally controlled 
by the net productivity (balance o f photosynthesis and respiration) o f  the aquatic 
ecosystem. Using oxygen isotope fractionation factors from the literature, satisfactory 
agreement was demonstrated between the predicted vs. m odeled rate o f change in 18C>2 o f 
the water column. This result is important since the model constrains the factors 
controlling the rate o f  change o f 180  to photosynthesis, respiration and gas exchange.
This validates the assumption that groundwater contributions are negligible in this 
system.
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This study has important im plications for future studies o f the biogeochemistry o f 
rivers. These results clearly show that the concentration and isotopic composition o f 
dissolved O 2 and dissolved inorganic carbon are dynamic parameters that can vary 
significantly over short time periods. Thus, for highly productive rivers and lakes, the 
assumption of chemical and isotopic steady state is unlikely to be valid, making estimates
o f net productivity based on a single instantaneous sample unreliable. Furthermore,
18 • 1 
collection o f S O-DO in combination with 8  C-DIC has the potential to lend new
insight into the timing and magnitude o f  m echanism s that influence the biogeochemistry
o f rivers.
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 3: The Clark Fork River
Diel cycling of carbon isotopes, C 0 2, 0 2, nutrients and 
trace elements in the Clark Fork River, MT.
3.1 - Introduction:
Previous studies have documented diel cyclic concentration changes in dissolved 
and particulate metals and other analytes in the upper Clark Fork River, M T, USA (Brick 
and Moore, 1996). In this study, the biogeochem istry o f the Clark Fork River was 
investigated simultaneously at two sites for concentration changes o f  metals, nutrients 
and carbonate species, as well as stable carbon isotopes. This work shows that the 
previously reported diel concentration cycles are yearly, reproducible processes. A 
descriptive model is proposed that links the concentration changes in dissolved Mn and 
Zn as well as particulate forms o f  Mn, Zn, Cu, Fe, and Al to daily biogeochemical cycles 
o f the epilithic biofilms. This study also dem onstrates the presence o f  a diel cycle in the
• 13stable carbon isotope ratio o f  the dissolved inorganic carbon (5 C-DIC). The magnitude 
o f  the carbon isotope cycle was significantly different at the two sites and this is 
correlated with the estimated rates o f  photosynthesis and respiration. The algal 
productivity at the two sites was linked to the difference in nutrient levels.
3.2 - Location:
The Clark Fork River is located in southwestern M ontana and its upper reaches 
have been heavily affected by historic mining and smelting activities in the Butte and 
Anaconda areas. River floodplains and sedim ent beds contain significant quantities o f
48
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
metals and metalloids (arsenic, iron, aluminum, copper, zinc, lead, cadmium) deposited 
by the mining and smelting activities (M oore and Luoma, 1990).
iâ jssoyjatMT
hity of 
Deer LodgeGagingStation/ Brick & Moore 
(1996)
Deer Lodge
AS-2 Map
detail
Clark Fori 
/MRiver )
irrigation
re tu rn s
Warm Springs 
Ponds
Anaconda '/ - 
tailings
AS-1 o
46” 22.5;
Scale: 1 km
State of Montana ButteI-90
10 km
Butte Silver Bow Creek
Figure 3.1: Map of Clark Fork River study area south o f Deer Lodge, MT and 
sampling sites AS1 and AS2.
The river in the study reach is characterized by oxic conditions, moderate 
alkalinity (-3200 to 3700 pmol kg '1), moderate biological productivity (AS1: 97 ± 6  mg 
m 2 chlorophyll; V. Watson pers. comm.) and a pH  range o f  about 8.0 to 8.5 during the 
summer low water (-0 .6  to 1 m 3 s '1) months. The aquatic photo synthetic macrophyte 
community is dominated largely by Cladophora  and diatom algae species (Watson,
1989). The mining centers o f Butte and A naconda sit at the headwaters o f  Silver Bow 
and Warm Springs Creeks respectively. These two flows contribute the bulk o f the water 
to the formation o f  the Clark Fork River and these cities are also sources o f  metal and 
nutrient loading upstream from the study area. M ost o f the heavy metal load in Silver
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Bow Creek is removed by a lime treatment facility, located roughly 20 km upstream o f 
the study area. Although the treatment ponds are effective at removing copper and other 
heavy metals, significant increases in dissolved arsenic loads occur through the treatment 
ponds, in the summer months (Duff, 2001). The river valley itself is heavily irrigated as 
a result o f  farming and ranching activities. D uring the mid-sum mer months, water in the 
Clark Fork River and its tributary streams is  diverted for irrigation. Some o f this water 
returns to the main stem in a chemically m odified form as surface or groundwater return 
flow. This greatly complicates the hydrogeology and nutrient balance o f the watershed.
Two sampling sites were selected to the south and im mediately upstream o f the 
town o f  Deer Lodge, MT (Fig. 3.1). The upstream  site was designated AS1 (N46°
22.64', W 1120 44.26') and the downstream site, AS2 (N46° 23.36', W 112° 44.21'). The 
AS2 sampling site is approximately 2.4 km  upstream from the site used in the 1994 study 
o f Brick and Moore (1996). The AS1 and A S2 sites were separated by about 1.2 km river 
distance, about 25 m in elevation, and had a  m ean transit tim e for the water o f  about 2.5 
hours.
3.3 -  Results and discussion:
3.3.1 - Chemical and physical river parameters.
(A Sl & AS2 field data in Appendix A-2, p. 164, 165)
The diel in-stream parameters o f  pH, temperature (°C), partial pressure of
dissolved carbon dioxide (pCC>2 , patm), total alkalinity (TA, pmol k g '1), specific
conductivity (SC, pS cm '1) and dissolved oxygen (DO, mg L '1) from both sampling sites
are shown in figure 3.2. ThepCC>2 at both sites was higher than the atmospheric value
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during the entire experimental period, w hich should have resulted in a net flux o f CO2 
from the water to the air.
AS1 AS2
a. 8.4
■5 3600
E
2  3500
p 120
24
OO
8.6
20 CL
E
©
16 >“
Ia. 8.4 
8.2
- 520 
500
o
480 % 
O
460 CO
v "  3700
U)
-5 3600
J :  3500 
<
H- 3400
1500
1200 jj  
(0
900
CM
o
600 O  Q.
150+->(0(/)
^  120 
O
Q  90
300
(d> )H
r  X
Temp
/rA  X/'
..................v_ .
m f \ c \  p
24 O
20 a  
Ea>
16 H
520
500 'g
O
480 *3. 
O
460 (/)
1500
1200 |  
1
900
O
600 O  
Q.
300
0900 1500 2100 0300 0900 1500 
Time of day
0900 1500 2100 0300 0900 1500 
Time of day
Figure 3.2: AS1 site parameters: a. shows pH, temperature (°C); b. total 
alkalinity (TA, pmol kg '1) and specific conductivity (pS cm '1); c. dissolved oxygen 
(DO, mg L'1), pC 02 (uatm). AS2 site parameters: d. shows pH, temperature 
(°C); e. total alkalinity (TA, pmol kg"1) and specific conductivity (SC, pS cm '1); f. 
dissolved oxygen (DO, mg L"1), pC 02 (patm ). Shaded area approximates the dark 
period based on the lack of a PAR flux (Fig. 3).
3 1The average flow at AS1 was 0.68 m  s' (24 cfs) and the average flow at AS2 
was 0.79 m 3 s '1 (28 cfs). The minimum flow at AS1 (0.67 m 3 s '1) was measured at 1800
3 1hours on 31-July. The peak flow at AS1 (0.69 m s ' )  was measured from 1000 to 1300
3 1hours on 1-Aug. The difference in flow between AS1 and AS2 was 0.11 m s' (4 cfs) 
and was assumed to be constant during the sampling period. Several small irrigation
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return tributaries and groundwater additions enter the river between AS1 and AS2 (Fig. 
3.1) and these are responsible for the ~10% flow increase.
The total suspended solids (mg TSS k g '1 water) measured at the AS1 site (TSS 
was not measured at AS2) underwent a 3.6 fold increase with the maximum 
concentration occurring between 0100 and 0600 hours (Fig. 3.3). Brick and M oore 
(1996) also found an overall increase in TSS concentrations during the night.
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Figure 3.3: Total suspended solids (TSS, mg kg '1) and PAR (pE m '2 s '1) at AS1.
3.3.2 - Diel metals data:
(ICP metals data Appendix A-2, pp. 166-170)
Dissolved6 M n and Zn at both sites showed approxim ately 100% and 500% diel 
concentration changes respectively (Fig. 3.4). Particulate concentration cycles o f  M n and 
Zn were observed at AS1 while the particulate fractions o f  these metals showed no 
discernible pattern at AS2 (Fig. 3.4)7. Additionally, significant diel cycles in particulate 
forms o f  Fe, Al and Cu were found at both AS1 and AS2 (Fig. 3.5). The Fe, Al and Cu
6 Dissolved refers to 0.1 pm filtered samples.
7 Particle concentrations (>0.1 pm) were calculated by subtracting dissolved concentration (FA) from the 
total concentration (RA).
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particle concentration cycles observed at AS2 were not as pronounced at AS1. The 
timing and magnitude o f  the diel cycles w ere similar to those previously reported (Brick 
and M oore, 1996).
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Figure 3.4: a. AS1 concentrations of dissolved and particulate Mn (pg L 1). b. 
AS1 concentrations of filtered and particulate Zn (pg L'1). c. AS2 concentrations 
of dissolved and particulate Mn (pg L 1). d. AS2 concentrations of filtered and 
particulate Zn (pg L"1). [Particulate concentrations determined by subtracting 
filtered concentration from total concentration. Analytical uncertainty based on 
duplicate analyses: Mn: ± 2.8; Zn: ±0 .5  pg L 1]
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Figure 3.5: Particulate concentrations of Al, Fe and Cu (pg L"1) at AS1 (a) and 
AS2 (b). [Analytical uncertainty based on duplicate analyses: Fe: ±  9.7; Al: 
±5.8; Cu: ±2.5pg L 1]
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Additionally, the timing o f the concentration m inim a and maxima for dissolved Mn and 
Zn were in phase at both sampling sites. This suggests that the concentration cycles are 
linked to the daily temperature, pH, photoperiod and possibly hydrological cycles at each 
site and that the 2.5 hour transit time for the water between AS1 and AS2 did not leave an 
imprint on the timing o f  the concentration cycles.
3.3.3 - Causes of diel metal concentration cycles:
Several hypotheses exist to explain the  diel cycles noted above in dissolved Mn 
and Zn. These include: 1) changes in the influx o f  dissolved metals from the hyporheic 
zone or shallow groundwater; 2) pH- and tem perature-dependent sorption processes to 
benthic and suspended surfaces; 3) daytime precipitation o f  M n and Zn m ineral phases or 
as impurities in calcite; and 4) cyclic dissolution and precipitation o f  Mn- and Fe-oxides 
in association with biofilms and algal com munities through daily solubility and redox 
cycles.
Hydrological control is the first m echanism outlined above for influencing the 
dissolved Mn and Zn diel cycles. Discharge at AS1 showed a very w eak diel cycle with 
a minimum to maximum change o f about 3% most likely influenced by evapo- 
transpiration from the stream side vegetation. Dissolved M n and Zn concentrations had 
weak correlations with stream flow, (R2=0.35 and 0.51, respectively). The morning 
decrease in dissolved M n and Zn concentrations started at -0 8 0 0  hours while the flow at 
AS1 reached a maximum at -1000 hours and did not begin decreasing until -1300  hours 
indicating that the dissolved Mn and Zn cycle and the discharge are not in phase. There 
may have been contributions o f dissolved M n and Zn with increase in groundwater flow
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from the hyporheic zone but this does not appear to be the m ajor determinant o f the 
concentration cycles.
Temperature and pH-dependent sorption (second mechanism) has been suggested 
as the driving force for diel metal variability in other river systems in M ontana (Brick and 
M oore 1996; Nimick et al., 2003, 2005; G am m ons et al., 2005a). Literature values for 
adsorption enthalpies reported for several cations with hydrous Fe, Al and M n oxide 
surfaces are endothermic at near neutral pH  (M achesky 1990; Rhodda et al., 1996;
Trivedi and Axe 1999). The diel dissolved Zn and M n concentration cycles reported here 
are consistent with the daytime concentration decreases as the temperature increases and 
the night time concentration rise with decrease in stream temperature. However, the 
concentrations o f  M n and Zn also increased in  the particulate fractions at night, which 
suggests a mechanism other than strict partitioning to suspended sediments. Distribution 
coefficients (K<j, L/kg; Appendix A-2, p. 173) were calculated based on a comparison of 
M n and Zn concentrations in the filtered and particulate phases. At AS1 the average 
values (log K<j) were 5.17 (±0.15) and 6.20 (±0.23) for Mn and Zn, respectively. The 
calculated distribution coefficients showed no diel patterns (not shown). The lack o f  a 
diel change in the partition ratio between the dissolved and particulate phase suggests that 
temperature and pH dependent partitioning into solids may not be a m ajor factor in 
controlling the M n and Zn diel cycles. These values are higher than comparable literature 
values: Mn - 4.32 (Gamier et al., 1996); Zn -  3.89 (Gamier et al., 1996) and 5.05 
(Warren and Zimmerman, 1994).
The third possible mechanism, solute precipitation or co-precipitation was 
addressed using the geochemical modeling program  Phreeqcl (Parkhurst and Appelo
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1999). The predominant manganese form in  solution based on the modeling is 
rhodochrosite (MnCCh) with a saturation index (SI) that was negative during the entire 
sampling period (average value -0.58). B ased on the modeling results the m ost prevalent 
form o f  Zn in solution is Zn(CC>3 )2  ". U nder these conditions the most likely zinc 
carbonate mineral to form would be smithsonite (ZnCOa), but the SI for this mineral has 
an average value o f -3.2, well below saturation. These results suggest that equilibrium 
with solid Zn and Mn pure phases were not controlling the concentrations in solution.
It is possible that Zn and Mn were co-precipitating with calcite as pH increased 
from -8 .2  to 8.7 during the day (Figure 3.2). The SI for calcite at both sites was 
positive and showed an inverse relationship to the concentration o f  the filterable forms o f 
both zinc and manganese (Fig. 3.6, r2Mn-si = 0.92 and 0.90, r2Zn.Si = 0.50 and 0.90, at AS1 
and AS2 respectively).
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Figure 3 .6: a. Shows the 
saturation index (SI) for calcite 
at AS1 and the filterable 
manganese and zinc 
concentrations (pg L'1). b. 
Shows the saturation index 
(SI) for calcite at AS2 and the 
filterable manganese and zinc 
concentrations (pg L"1). 
[Accuracy of SI calculation is 
assumed to be w ithin ±0.1 
unit. Mn and Zn were 
discussed in Figure 3.4.]
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Biofilm  and algal surfaces have been show n to form high pH microenvironments that can 
promote calcite precipitation during the photosynthetic period (Hartley et al., 1996; 
Falkowski and Raven 1997). Consequently the SI at the biofilm surfaces may be higher 
than those calculated for the water column. Based on published partition coefficients o f 
M n and Zn into CaCCb solid solutions (Lorens 1981; Zachara et al., 1991) it is likely that 
M n and Zn would have co-precipitated w ith calcite. However, the existence o f a 
positive SI value obtained by a computer m odel does not prove that calcite precipitated.
It has also been demonstrated that inorganic and organic phosphates and dissolved 
organic m atter can act as nucleation inhibitors and allow supersaturation o f  CaCC>3 
without significant precipitation occurring (House and Donaldson 1986; Inskeep and 
Bloom 1986; Falkowski and Raven 1997). Our own attempts to examine solids collected 
on filters by SEM-EDX failed to identify a carbonate phase in the suspended sediment 
collected from AS1 and AS2. Furthermore, there was no diel cycle in Ca, and dissolved 
and total Ca concentrations in the CFR as determ ined by ICP-AES were indistinguishable 
within the analytical uncertainty, suggesting that any calcite that formed most likely 
nucleated directly onto the streambed. The hypothesis that carbonate phase dissolution 
or precipitation reactions influence diel cycling o f  M n and Zn in the CFR could be tested 
further by detailed examination o f mineral and biological materials coating the streambed 
to see i f  a carbonate phase is present, and to determine the approxim ate mole fractions o f 
ZnCCL and M nC0 3  in this phase.
We believe the fourth proposed m echanism  is most consistent w ith the results 
presented here (a conceptual rendering o f  this model in shown in the appendix, section A-
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5, page 227). Manganese is known to undergo a photoreduction cycle in seawater (Sunda 
et a l ,  1983; Sunda and Huntsman 1994) and  recent studies have shown a similar 
photoreductive cycle in streams, coupled w ith  microbial catalysis (Scott et al., 2002; 
Haack and W arren 2003). W hile photoreduction may be a component o f  these systems, 
other studies have shown that photosynthetically mediated Mn(II) oxidation can lead to a 
net removal o f dissolved Mn(II) during the day  (Scott et al., 2002). Microbial-catalyzed 
oxidation o f iron and manganese has been show n to occur in biofilms and sediment 
surfaces (Ghiorse 1984; Czekalla et al., 1985; Richardson et al., 1988; Tebo et al., 1997; 
Zhang et al., 2002). During photosynthesis steep micro-gradients o f  O2 concentration 
and pH can occur at the surface o f algal and bacterial mats. Under these conditions 
manganese (III & IV) and Fe(III) oxides can be produced by oxidation o f  the more 
soluble reduced forms o f these metals (Richardson et al., 1988; Olivie-Lanquet et al., 
2001; Haack and Warren 2003). The M n and Fe oxides produced are known to be 
sorbents for associated trace metals (Fuller and Harvey 2000; Haack and W arren 2003). 
Copper, cadmium and zinc have been shown to be associated with M n and Fe oxide 
coatings grown on ceramic beads in Silver Bow  Creek (Benner et al., 1995) which is one 
o f  the head water streams o f the Clark Fork River. At night, as photosynthesis ceases and 
respiration consumes O2, the microzone conditions in biofilms can becom e anoxic with 
lower pH values such that reduction o f  m anganese and iron oxides can release Mn(II) and 
Fe(II) to the water column (Davison 1993; Olivie-Lanquet et al., 2001; Scott et al., 2002; 
Rosso et al., 2003).
To investigate the possibility that the O2 flux in the river is in part controlled by 
the net productivity o f  the benthic communities, equation (3.1) was used to determine if
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the estimated O2 flux (F) across the sediment surface is consistent with the DO flux in the 
water column (dC/dt):
dC D
F = H  = —  AC (3.1).
dt z
It was assumed that the O2 concentration approaches zero below  ~2 mm within the 
benthic sediments (Haack and W arren 2003) and that the O2 gradient across the boundary 
layer and in the water column is largely mediated by daytime net productivity and night­
time respiration. The average river depth (H) was 17.1 and 22.3 cm at AS1 and AS2, 
respectively. The oxygen diffusion coefficient in water (D) used was 2.0 x 10"5 cm2 s '1 
(20 °C, Bird et al., 1960). The biofilm layer thickness used was 0.1 cm (z) and the 
change in oxygen concentration across this boundary layer [AC, C(secj) -  C(water coiUmn)]
was assumed to be +300 and -50 pmol L '1 at 1500 and 0400 hours, respectively 
(Richardson et al.,1988; Haack and W arren 2003). The DO m axim um  concentration was 
at 1500 hours and lowest concentration at 0400 hours (Fig. 3.2). Table 3.1 compares the 
calculated O2 benthic flux (pmol cm '2 h '1) versus the hourly m easured O2 flux in the 
water column.
Table 3.1: A comparison of the 0 2 flux (pmol cm '2 h '1) calculated for the 
benthic surface layer and the measured flux in the river w ater column.
Flux in 0 2
1500 hours 0400 hours
pmol cm-2 hr1 Benthic River Benthic River
calculated measured calculated measured
AS1 0.43 0.56 -0.072 -0.10
AS2 0.43 0.48 -0.072 -0.024
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The benthic flux values calculated by this m ethod are approximations o f the movement o f 
m olecular oxygen across the benthic boundary layer. A positive flux value corresponds 
to an excess o f oxygen in the surface layer resulting in a diffusion o f oxygen to the water 
column. A  negative value means that the oxygen concentration in the sediment layer 
approaches zero with respect to the water. The observed w ater column flux values are 
in relatively good agreement with the calculated benthic values. This suggests that at 
night, near zero oxygen concentrations existed in the bottom boundary layer.
Following this model, the night tim e increases o f dissolved M n at both AS1 and 
AS2 were likely due to reductive dissolution o f  manganese oxides under anoxic 
conditions at the sediment-biofilm surfaces. A lthough simultaneous reduction o f  Fe(III) 
oxides m ay have occurred, however, the ps°(W ) o f  the Fe II/III couple is lower (-3.9) 
than the M n 1I/IV couple (+7.8) (Davison 1993). Once released to the aqueous phase, 
both Mn(II) and Fe(II) are susceptible to re-oxidation in the aerobic conditions o f  the 
bulk w ater column. The rate of oxidation o f  M n(II) is much slower than that o f  dissolved 
Fe(II) in pH neutral or alkaline water. Reported values for the half-life o f  M n(II) at pH 8 
and 20°C are from 1 to 100 days, as com pared to minutes for Fe(II) at equivalent 
conditions (Davison 1993). The longer half-life o f  M n (II) versus Fe (II) w ould have 
allowed dissolved Mn to accumulate during the night, whereas any dissolved Fe released 
to the water column would have quickly oxidized and precipitated as hydrous ferric 
oxide. During the day, photosynthetically-mediated oxidation would have lowered the 
dissolved Mn concentration. Zinc is a know n component o f  manganese oxide solids 
(Hem et al., 1984) and was likely released by  the reductive dissolution processes at night 
(Hem et al., 1984; Davison 1993; Fuller and H arvey 2000; Shope 2003) resulting in the
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“in-phase” concentration cycles o f dissolved Zn and Mn (Fig. 3.4). I f  ferrous iron was 
produced and diffused into the more oxygenated water column the rapidly forming 
particulate hydrous ferric oxides (HFO) m ay have sequestered Cu liberated by the 
reductive dissolution o f the Mn and Fe oxides in the anoxic microzone. Copper has been 
shown to be removed by rapidly forming H FO  in Fisher Creek (Gammons et al., 2005a) 
and the same studies have also shown that zinc does not appear to partition into the fresh 
HFO to the same extent that Cu does (Gam m ons et al 2005a). The diel concentration 
patterns o f  particulate Cu and Fe (Fig. 3.5) at AS1 were correlated (r2=0.88); less so at 
AS2 (r2=0.54). Additionally, at AS2 there is  no discemable pattern in the M n and Zn 
particulates (Fig. 3.4). The average dissolved M n concentration at both sites is the same 
whereas the average Mn particulate concentration at AS1 was 64% greater than at AS2. 
This suggests that the conditions for oxidation o f  M n (II) and particulate formation at 
AS1 and AS2 were different. The river gradient and stream velocity at AS1 is greater 
than AS2 and the particulates may have settled out o f  the river before reaching the AS2 
site. Further work is needed to evaluate this hypothesis.
Additionally, the lack o f  Mn particles at AS2 may be due to the decrease in pH 
and dissolved oxygen concentration betw een sites overnight (section 3.3.9), because the 
rate o f oxidation o f divalent manganese is dependent on hydroxide concentration and p 0 2  
(Eqn. (3.2), Stumm and Morgan, 1996). The rate o f  oxidation o f  M n(II) m ay decrease 
between AS1 and AS2 with the decrease in  pH andp O i  (section 3.3.9). Equation 3.2 
also shows that there is an autocatalytic effect when particulate m anganese oxides 
surfaces are present. The lower concentration o f  particulate M n at AS2 could also
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contribute to a decrease in the rate o f M n(II) oxidation. It is possible that each o f  these 
mechanisms were contributing to the diel concentration changes observed.
k = k'[0H~]2p 0 2 
-  d [M n(II)j/ = k[M n(n)| ,  + c [M n 0 i ,) (3 2)
3.3.4 -  Arsenic:
(GF-AAS data in Appendix, p. 171)
Arsenic was present mostly in the dissolved form and showed a diel concentration 
cycle with an increase during the night at both  AS1 and AS2 (Fig. 3.7). Particulate forms 
o f  As showed no diel patterns at either site (Fig. 3.7). This suggests that the As is not 
involved in pH and temperature dependent sorption processes between the water column 
and suspended sediments. If  sorption processes were responsible for the As 
concentration cycles then the surfaces involved were most likely benthic materials 
(Nimick et al., 1998). A  concentration m axim a o f 18.2 ppb occurred at 0500 hours 
(8/1/03) at AS1 while the maxima at AS2 (16.5 ppb) occurred ~2.5 hours later at 0730 
hours. Dissolved arsenic maximum concentrations in other studies were reported to 
occur during the late afternoon, at approxim ately 1800 hours (Fuller and Davis, 1989; 
Nimick et al., 2003, 2005). In the oxic, alkaline conditions present in the Clark Fork 
arsenic should be present predominantly as arsenate (specifically, HASO42').
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Figure 3 .7: a. Filtered and particulate As (|ig L"1) at AS1; b. Filtered and 
particulate As (gg L"1) at AS2. [Particulate concentrations were determined by 
subtracting filtered concentration from tota l concentration. Average standard 
deviation of arsenic concentration in AS1 and AS2 filtered samples was 0.22 and 
0.43 gg L'1, respectively (based on replicate analyses).]
Anionic species that are undergoing sorption processes should have an inverse 
concentration cycle to that o f the dissolved cations present. The fact that the arsenic 
cycle had a maximum at night suggests that another mechanism was responsible for the 
concentration changes or that the As source was upstream from AS1. The 2.5 hour offset 
in the arsenic concentration peaks between AS1 and AS2 suggests that there is no 
significant contribution o f  arsenic between AS1 and AS2 and that the peak As containing 
water arrives at AS2 after the 2.5 hour transit time and was diluted by  tributary flow 
during that transit. Arsenic concentrations that vary diumally as m uch as 40 ppb have
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been documented from the Mill-Willow Bypass and lower Silver Bow Creek, which are 
upstream from the study reach (T. Grant, unpublished data).
3.3.5 -  Nutrients:
(Nitrate data Appendix A-2, p. 157, 158)
Nitrate at AS1 had an average concentration o f  about 0.13 mg L '1 during the day 
and fell below detection at night (Fig. 3.8a). In contrast, nitrate at AS2 showed an 
increase o f  about 330% at night over the daytime low o f 0.13 mg L '1. Phosphate at both 
sites showed no diel cycle in concentration (Fig. 3.8b). The optimal m olar ratio o f nitrate 
to phosphate for algal growth is predicted to  be 16:1 (Redfield et al.„ 1963) as shown in 
equation (3.4).
106CO2+16N O 3A-HPO42 +122H20+18FT  ^>{C106H263OU0N16P}+138O2 (3.4)
algal biomass
The downstream site was above the 16:1 ratio for most o f the twenty-four hour period
while the upstream site was below this level during the entire sampling period (Fig. 3.9).
This indicates that the AS1 site was most likely N-lim ited during the entire sampling
period and consequently functioning at a lower productivity level while the AS2 site may
have been P-limited. These data are consistent with the p C O j and dissolved O2 data that
will be examined in the next section. The increased nitrate levels at AS2 were due in part
to the addition o f nitrate from the several small tributaries and groundwater flow between
the two sampling sites (Fig. 3.1). Two small tributaries sam pled on 31-July between 1500
and 1700 hours had nitrate concentrations o f  1.8 and 1.4 m g IS while the main flow at
1 1AS1 and AS2 had an average concentration o f 0.08 mg L" and 0.53 mg L' respectively 
during this same time period.
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Figure 3.8: a. Nitrate concen tra tions  a t  AS1 and 2 (m g NO3 '  L'1). The PAR 
curve  is also shown in (a) for re fe rence ,  b. Phosphate  co ncen tra t ions  a t  AS1 and 
2 (m g P 043' L'1). [The uncertain ty  in th e  nitrate m e a s u re m e n ts  is a s su m e d  to be 
within ± 0 .01  mg L'1 and the  p h o sp h a te  with ± 0 .003  m g L"1.]
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Figure 3.9: The molar nitrate  to  p h o s p h a te  ratios a re  show n for bo th  AS1 
and  AS2. The 16:1 ratio line a s  p red ic ted  by the Redfield equa tion  is 
shown.
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These irrigation return waters that were enriched in nitrates as compared to the main flow 
and make a major contribution to nitrate levels at the downstream site. In-stream 
community respiration could also have contributed nitrate to the river (Eqn. 3.4).
3.3.6 - Carbon Isotope data:
(Carbon isotope data Appendix A-2, p. 172)
Both sites showed an increase in S13C-DIC starting at 1300 hours w ith a
maximum at -1700 hours due to a fractionation process most likely caused by aquatic
photosynthesis (Fig. 3.10). When the PAR flux decreased towards zero in late afternoon
(after 1800) the 813C-DIC values also decreased at both AS1 and AS2. This can best be
explained by the return o f  “light” biogenic CO 2 to the water column by respiration. The
813C-DIC at AS2 dropped to a significantly lower level than at AS1 and began a general
increase toward heavier composition after about 0200.
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Figure 3 .10: S13C-DIC (% o ,  VPDB) at AS1 and AS2 during the diel sampling 
period. PAR over the measurement period is also shown. [The average standard 
deviation of these isotope analyses is w ith in  ± 0 . 0 7 % o  based on replicate 
measurements.]
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A possible explanation for the difference in behavior o f DIC isotopes at AS1 and AS2 is
tied to the dissimilarity in productivity and respiration rate between the two sites. The
p C 0 2 showed a rapid increase beginning at 1800 hours at both sites (Fig. 3.2c & f),
1 ̂
which is consistent with the timing o f the decrease in S C-DIC. At night the p C 0 2 
levels at AS2 were significantly higher than at AS 1 and the DO levels dropped lower at 
AS2 than AS1. This is consistent with a higher level o f biological activity at the 
downstream site as indicated by nutrient levels (Figs. 3.8 & 3.9).
3.3.7 - Suspended Sediment:
The filters used to collect the total suspended sediments (TSS) at AS1 were 
extracted in an acid digestion to analyze m etals concentrations in the sediments. In 
addition, samples o f benthic sediments from both AS1 and AS2 were subjected to the 
same digestion. Table 3.2 lists the results o f  the analyses for Al, As, Cu, M n, Mg, Ca, 
sulfate and Zn.
Table 3.2: Data from acid digestions of to ta l suspended sediments (TSS) from AS1 
and benthic sediments from AS1 and AS2. The firs t section lists mg of the TSS 
analyte per gram of sediment. The second section details the results of digestions of 
benthic sediments as mg of analytes per gram of sediment.
TSS 
Sample #
TSS
mg/kg
mg/q sed
Time/Date Al As Cu Fe Mg Mn SO42' Ca Zn
7/31/2003 13:00 AS 1-3 3.14 315 28.3 0.572 44.5 115 4.60 19.8 470 1.37
7/31/2003 16:00 AS1-6 3.35 316 25.8 0.420 39.7 118 4.29 19.1 475 1.36
7/31/2003 19:00 AS 1-9 3.03 304 30.0 0.521 44.3 117 5.04 20.6 477 1.52
7/31/2003 21:00 AS1-11 4.87 314 17.5 0.518 29.1 123 3.84 14.9 496 1.03
8/1/2003 0:00 AS1-14 6.06 318 14.3 0.664 25.7 123 4.35 10.9 502 1.11
8/1/2003 1:00 AS1-15 7.29 326 10.9 0.518 22.2 124 3.71 11.1 500 0.87
8/1/2003 3:00 AS1-17 7.02 340 13.8 0.646 27.2 114 4.41 12.5 486 1.03
8/1/2003 5:00 AS1-19 7.02 325 11.3 0.777 25.3 123 4.71 12.0 497 1.02
8/1/2003 7:00 AS1-21 6.51 317 12.5 0.750 27.0 125 4.59 13.3 499 1.11
8/1/2003 9:00 AS 1-23 4.67 309 17.8 0.681 29.2 125 4.43 16.9 496 1.20
8/1/2003 11:00 AS 1-25 3.26 309 27.6 0.505 38.6 117 4.14 31.6 470 1.39
8/1/2003 13:00 AS 1-26 3.47 311 23.6 0.638 33.0 123 3.75 16.3 487 1.20
ll II
Benthic mg/g sed
S edim ents Al As Cu Fe Mg Mn SO f' Ca Zn
AS1 -sandy seds{1) 2.95 0.0283 0.168 7.54 1.33 0.301 0.992 2.32 0.35
AS1 -sandy seds(2 | 2.90 0.0202 0.106 6.12 1.49 0.503 0.489 2.59 0.24
AS2-black s e d s 4.63 0.0206 0.211 7.14 1.96 0.330 1.705 6.13 0.31
AS2-sandy sed 3.82 0.0212 0.561 7.46 1.77 1.708 0.770 3.52 0.44
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Figure 3.11 shows a comparison o f the com position o f the TSS at 1300 and 0100 hours. 
Ca, M g and Al showed no change in com position between these two time periods. 
Arsenic, Mn, Fe and Zn all showed higher concentrations in the mid-afternoon at 1300 in 
the suspended sediments than in the middle o f  the night at 0100 hours. The benthic 
sediments contained significantly less o f  all the elements reported than the suspended 
sediments (table 3.2). These bottom materials were coarser and appeared to contain a 
large percentage o f sand compared to the suspended sediments.
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Figure 3 .11: Composition of total suspended sediments (TSS, mg g '1 
sediment) from acid digestions of sediments collected at the AS1 site for the 
samples collected at 1300 and 0100 hours. Numbers above the bars indicate 
the relative change between the two times.
The increase in arsenic concentration in the sedim ents in the 1300 hour samples vs. the 
0100 hours samples is consistent with the night-tim e increase in dissolved arsenic 
discussed in section 3.3.4. However, there was no apparent diel trend in the particulate 
fraction in As (Fig. 3.7). Further investigation is needed to resolve this discrepancy.
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3.3.8 - SEM-EDX analysis:
(M icrographs and EDX analysis in Appendix A-2, pp. 175-181)
Examination on a subset o f TSS samples was performed using the scanning 
electron microscope (SEM) in conjunction w ith energy dispersive X-ray (EDX) analysis. 
Two SEM images are shown in the appendix (A-2, p. 175), chapter 3 section, that mostly 
show the siliceous skeletons o f diatom algae species (G. M itman personal analysis).
Both o f  these pictures are from the TSS sample collected at 1400 hours at the AS1 site on 
1-Aug, 2003 with figure A3-1 taken at 1000 tim es magnification and figure A3-2 at 
3500x. EDX spectra o f different portions o f  this sample are labeled 1CFR16A and 
1CFR16B in the appendix (A-2). Spectrum 1CFR16A is 66.09 and 20.88 atom% 
oxygen and silicon respectively, which is consistent with the large amount o f  diatoms 
present since skeletons o f these organisms are m ostly SiC>2 . This spectrum also shows 
about 0.88 atom% or 2.5 mass% iron suggesting that iron m ay be included in or sorbed to 
the silica. The spectra labeled 1CFR16B focuses on a different region o f  the same TSS 
sample but has a different composition. This spectm m  lists 67.5 atom% oxygen, 24.3 
atom% calcium and 6.3 atom% silicon and m ay be primarily calcium carbonate. Carbon 
in these samples can’t be quantified due to the carbon coating that was done as part o f  the 
preparative process. This region o f  the sedim ent does not contain iron or other detectable 
metals. The EDX spectra labeled 1CFR3A through D are from a TSS sample collected at 
0300 hours on 31-July, 2003. Each spectm m is a different section o f the sample and the 
metals composition is summarized in table 3.3. These spectra all show that Mn, Fe, Cu, 
Ca, Zn and Al can be included in the sediments in varying proportions.
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Table 3 .3: Summary of data from EDX analysis of 0300 hour TSS sample from AS1 
taken on 31-Jul-2003. The four data sets represent data from spectra on four 
d ifferent regions of the sample, n.d. = no t detectable
SEM-EDX Atom %
Sample Fe Mn Cu Al Zn Ca
1CFR3A 1.55 12.30 0.25 5.26 0.87 5.17
1CFR3B 9.79 0.13 7.93 1.75 n.d. 0.85
1CFR3C 3.49 0.07 n.d. 5.67 n.d. 2.46
1CFR3D 16.17 0.43 0.33 7.87 0.51 5.64
3.3.9 - Between site changes:
Being able to examine the gradient in  chem ical and physical parameters across the 
study reach is an important advantage o f  using two sampling sites. The between-site 
changes in pH, total alkalinity (TA, pmol k g '1), dissolved inorganic carbon (DIC, pm ol
i 1o
k g '), 8 C-DIC, dissolved oxygen andp C O i  shown m figure 3.12 have been adjusted for
the 2.5-h transit time8. The ApH between sites was negative starting at -1500  hours and
is consistent with a positive ApCOi- The D IC was calculated using Phreeqcl w ith the
1appropriate hourly solution data, alkalinity, temperature and pH. The A8 C-DIC 
between AS1 and AS2 became negative between sites at 1800 hours which is the same 
time that the ApCOz began to increase (Fig. 3.12b & c). This is consistent with a higher 
rate o f  biological activity by the downstream com munity since the AS2 site was not 
nitrate limited (Fig. 3.9) and respiration w as contributing to significantly h igherpCC>2 
downstream (Fig. 3.2c & f). The increasing concentration o f  isotopically light biogenic 
CO2 caused the SI3C-DIC to decrease. Additionally, the river was supersaturated with
8 AS2 concentration minus AS1 concentration 2.5 hours earlier.
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CO2 during the entire 24-h period and de-gassing to the atmosphere will produce isotopic 
enrichment o f  the remaining DIC due to diffusional fractionation.
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Figure 3 .12: Changes in aqueous factors as the water makes the 2.5 hour 
transit between AS1 and AS2. Chart (a) shows the change in pH, tota l alkalinity 
(TA, nmol kg '1) and Chart (b) shows the dissolved inorganic carbon (pmol kg '1) 
and 513C-DIC ( % o ) .  Chart (c) shows the changes in dissolved oxygen (mg L 1), 
and pC02 (iratm).
The effect o f this C 0 2 flux should have been more pronounced as the C 0 2 levels 
increased over night. The change in total alkalinity (Fig. 3.12a) increased gradually
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overnight and did not reach a maximum until -0830  hours. The CO2-HCO3" equilibrium
13 13has a 8  C o f 8 - 9  %o which is consistent w ith the slow increase in 8  C-DIC after - 0 1 3 0  
hours. Preferential de-gassing o f light CO2 and the sequestering o f heavy carbon as 
bicarbonate results in an isotopic enrichment o f  the DIC pool. Consequently, the 
observed A513C-DIC is a balance o f these processes which results in isotopic increases 
after about 0 1 3 0  hours between sites.
1 T
The range o f  5  C - D I C  reported here was between - 1 1 . 2  and - 1 2 .3  per mil 
which suggests that photosynthetic fractionation, atmospheric exchange and respiration 
are all influencing the D I C .  As discussed in  the introduction, atmospheric C O 2  is about 
- 8 %o and biogenic C O 2 produced by m icrobial respiration and C 3  plants is about -2 5 % o . 
However, the 5 1 3 C - D I C  never approached atmospheric equilibrium values (approx. -1  to 
+ 3 % o ) which emphasizes the influence o f  biogenic carbon on the D I C  of the river.
The change in DIC reached a night-time steady state concentration at -2230 hours 
(Fig. 3.12b) suggesting that the rate o f contribution o f  dissolved carbonate species had 
reached an approximate equilibrium with the rate o f  CO2 degassing after this time.
The increase in nitrate between sites (Fig. 3.13) may be a combination o f 
contributions from in-stream respiration and irrigation return water. Fig. 3.13 also shows 
the increases in dissolved manganese and zinc overnight betw een the two sites. These 
increases correspond to decreases in both pH  and dissolved oxygen that are consistent 
with the concept that changes in benthic surface redox conditions may be reducing Mn 
oxides leading the night-time increases in dissolved Mn and Zn.
7 2
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Figure 3 .13 : Changes in nitrate (mg L-1), dissolved manganese and zinc (gg L"1) 
between AS1 and AS2.
3.4 - Conclusions:
This study documents diel concentration cycles for dissolved M n and Zn and for 
particulate forms o f Mn, Zn, Fe and Al sim ilar to those first reported for a nearby site on 
the Clark Fork River by Brick and Moore (1996). This demonstrates that these processes 
are reproducible, robust geochemical components o f  this river system. Additionally, 
particulate forms o f Mn and Zn showed 24-h cyclic changes at AS1 but not at AS2, 
indicating that spatial and temporal variation occurred across relatively short reaches o f 
the river. The concentration cycles o f dissolved M n and Zn at both AS1 and AS2 were 
in-phase at each site suggesting that these fluctuations are a “w hole” river phenomena 
being controlled by biogeochemical processes linked to photoperiod and/or temperature 
changes.
These concentration cycles o f dissolved M n and Zn; and the particulate forms o f 
Mn, Zn, Fe, Al and Cu appear to be controlled by day to night differences in redox
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conditions at the biofilm surfaces. Daytime oxic conditions in the biofilms stimulate 
oxidation and formation o f Mn and Fe oxides which are known to sequester Zn(II) and 
Cu(II). Night-time anoxic conditions may have led to reduction o f the M n and Fe oxides 
and release o f the more soluble Mn(II) and Fe(II) ions. Once these reduced metals 
diffused into the alkaline, more oxic water colum n they begin to rapidly re-oxidize and 
form particles. The longer half-life o f  dissolved Mn(II) vs. Fe(II) allowed the 
concentration o f dissolved Mn to increase w hile reduced Fe in dissolved form was below 
detection during this sampling.
The molar nitrate to phosphate ratio at the upstream (AS1) site was significantly 
lower than at the downstream site. This is consistent with a higher level o f  biological 
productivity downstream as indicated by higher pCOo levels at night and higher O2 
concentration during the day at AS2.
Diel concentration cycles o f arsenic w ere shown to occur at both AS1 and AS2. 
The night-time concentration increases and the lack o f  a particulate As phase suggest that 
sorption processes are not controlling the As concentration. The out o f  phase timing o f  
the As peaks between the two sites indicates that the source m ay have been a diel pulse 
advected from an area upstream o f the study area.
A diel cycle in 513C-DIC was observed that is linked to the effects o f  
photosynthesis, respiration and gas-exchange on the dissolved inorganic carbon pool.
The night-time decrease in 813C-DIC was m ore pronounced at AS2 vs. AS1 which is 
consistent with the higher level o f biological productivity downstream.
The use o f two sampling sites allowed the examination o f  in-stream  modifications 
in chemical and physical parameters as the w ater moved between these locations.
74
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13Gradients in 8  C-DIC, DIC, pH, O2 , pCC>2 and N O 3" have been investigated that show 
the spatial variability in biological productivity over this 1.2 km reach. Additionally, the 
overnight increases in dissolved Mn and Z n  between sites is consistent w ith the proposed 
mechanism that indicates changes in redox conditions at the biofilms surfaces as a 
component o f the underlying processes causing the diel concentration fluctuations o f 
metals observed.
The temporal and spatial differences exhibited by a variety o f  chemical species 
over a relatively short reach of river em phasize the need to incorporate the time-of-day 
and site differences in sampling activities.
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Chapter 4: Fisher Creek
Diel concentration changes of trace and major elements 
in Fisher Creek, MT: A continued investigation of 
underlying processes.
4.1 - Introduction:
Acidic reaches o f mining affected streams (pH<5) have been shown to exhibit diel 
concentration cycles o f Fe(II) and Fe(III) induced by daytime photoreduction o f ferric to 
ferrous Fe and precipitation o f hydrous ferric oxides (HFO) and hydrous aluminum 
oxides (HAO) (McKnight and Bencala, 1988; M cKnight et al., 1988, 2001; Sullivan et 
al., 1998; Gammons et al., 2005a). The reduction process has the form:
FeOH2+ + hv -»  Fe2+ + OH.
Other hydrolyzed ferric species are also photo-reactive but FeOFl2+ ion has the highest 
reaction rate (David and David, 1976). The hydroxyl radical produced can be reduced by 
dissolved organic matter or interaction with reduced metals. The pH range producing the 
maximum rate for photoreduction is ~3 to 4.5 (Collienne, 1983). The Fe(II) produced is 
then reoxidized and hydrolysis produces colloidal hydrous ferric oxide (HFO). The 
freshly formed HFO colloids are known to scavenge trace m etals and anionic species 
from solution through sorption or co-precipitation (Swallow et al., 1980; Dzombak and 
Morel, 1988, 1990; Waychunas et al., 1993; K imball et al., 1995; Rhodda et al., 1996; 
Karthikeyan et al., 1999; Lee et al., 2002; M unk et al., 2002).
The field site for the current project, Fisher Creek (Fig. 4.1), starts highly acidic 
(pH ~3) at the head o f the drainage and is neutralized to pH ~7 over a distance of roughly
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4 km. Consequently, river cobbles and benthic surfaces have a heavy coating o f HFO 
and HAO. Relative to the other streams, the biological productivity is apparently very 
low due to the absence o f obvious periphyton and biofdms. Previous w ork (Gammons et 
al., 2005a) documented diel cycles in Fe(II) and Fe (III) in the upstream, acidic reach, 
and diel cycles in Fe, Cu, Zn and Mn in downstream, near-neutral waters. Diel patterns 
in rare earth element concentrations were also noted in the near-neutral reach o f Fisher 
Creek (Gammons et al., 2005b).
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Figure 4.1: Map of the Fisher Creek study area showing the F2, F2.5 and 
F3 sampling sites used during the August, 2003 campaign. Also shown is 
the F I site and pH values measured in August of 2002 as described in 
Gammons et al., (2005a). The average pH values measured in 2003 were: 
F2, 5.3; F2.5, 6.8 and F3, 7.0.
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Fisher Creek is located within the N ew  W orld M ining District, approximately 10 
km from the northeast com er o f Yellowstone N ational Park (Fig. 4.1). A detailed 
description o f  the geology o f  the area can b e  found in Elliot (1979) and Elliot et al., 
(1992). A  previous tracer injection field experim ent detailed the dissolved and 
particulate metal loads in Fisher Creek (K im ball et al., 1999). Other aspects o f  the 
hydrogeochemistry have been reported in A m acher et al., (1993, 1995) and Amacher 
(1998). A cid rock drainage from natural and m ining related sources yields low pH 
waters that are high in metals concentrations. The principal mine drainage contribution 
to Fisher Creek comes from the Glengarry adit, near the head o f  the watershed. The 
stream w ater pH values increase progressively downstream indicating that neutralization 
takes place as the waters move down gradient from the source due to more alkaline 
tributary and groundwater inflow.
This study investigated the reproducibility o f  the previously reported diel 
concentration cycles in Fisher Creek with extensive field w ork in the summer o f  2003 (13 
to 14-Aug.). Additionally, laboratory experim ents were perform ed to better constrain and 
isolate the factors affecting the in-stream processes, specifically the impacts o f  
temperature and pH on the concentration o f  dissolved Cu, Zn and Fe in equilibrium with 
Fisher Creek sediments. Finally, a geochemical m odel was developed that included 
interactions between the solute phase and an HFO surface.
In parallel with the field work that w ill be described here another researcher was 
conducting an in-stream chamber experiment (Clain Jones, M ontana State University). 
Those experiments will not be described here but their results do reinforce some o f the 
conclusions resulting from the field observations and laboratory experimentation
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included in this thesis. Further details o f the chambers experiments can be found in 
Parker et al., (in review) and the results will be cited where appropriate to support 
conclusions reached in this work.
4.2 - Results and Discussion:
4.2.1 - Field parameters:
(Field data included in Appendix A-3, pp. 182-3)
The 24-hour average values o f  selected in-stream parameters observed in Fisher 
Creek in 2003 for the F2, F2.5 and F3 sites are reported in Table 4.1. Values from 2002 
are shown for comparison.
Table 4 .1: Physical and chemical parameters for Fisher Creek at the F2, F2.5 
and F3 sampling sites (Fig. 4.1) during the 2003 sampling (24-hour average 
values). Data from Gammons et al., (2005a) for the 2002 sampling are 
included for comparison.
Station Flow pH T SC TDS Al-t Al-f Ca Cu-t Cu-f K
F2-2003 0.044 5.31 11.6 153 93 0.77 0.51 14.6 0.34 0.34 0.75
F2-2002 0.053 5.46 9.0 143 96 0.82 0.31 15.7 0.35 0.33 0.58
F2.5-2003 0.067 6.80 11.9 144 86 0.31 <0.07 14.0 0.19 0.13 0.77
F3-2003 0.061 6.98 12.2 126 84 0.19 <0.07 13.8 0.13 0.09 0.71
F3-2002 0.075 6.80 10.1 132 86 0.35 <0.07 15.6 0.19 0.11 0.60
Station Fe-t Fe-f Mg Mn Na Si02 Sr Zn S 042' h c o 3- ci-
F2-2003 0.50 0.220 3.7 0.31 2.2 16.0 0.11 0.060 54.4 NA NA
F2-2002 0.78 0.320 3.8 0.29 1.8 12.8 0.11 0.053 58.4 1.1 <0.4
F2.5-2003 0.19 0.035 3.6 0.15 2.2 15.2 0.12 0.048 46.7 4.5 NA
F3-2003 0.13 0.004 3.5 0.10 2.1 13.4 0.11 0.041 45.4 9.4 0.3
F3-2002 0.34 0.020 3.8 0.16 1.7 12.5 0.12 0.048 51.8 6.1 <0.4
Flow in m3 s'1; pH, standard units; T = temperature in °C; SC = specific conductivity in pS cm'1; all cation and 
anion concentrations in mg L'1; all concentrations are total recoverable unless specified; t = total; f = filtered (0.1 
pm, dissolved); NA = not available.
Average stream flow at F2 was 17% lower in 2003 than 2002 and 18% lower at 
F3. Small diel cycles in discharge were evident at F2, F2.5 and F3 (Fig. 4.2), most likely 
influenced by evapo-transpiration in riparian areas along the stream  course. The flow at
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F2.5 was significantly higher than at F2, due to a tributary stream entering Fisher Creek 
from the east, 100m below F2 (Fig. 4.1). There was an apparent decrease in flow from
F2.5 to F3 (Fig. 4.2). However, assuming an error o f  ±10% in the flow measurements, 
the flow at F2.5 and F3 may not have been different. Temperature at F2, F2.5, and F3
0.08
F2.5
0.06 -0)
O)
J2 0.05
0.04 ■
0.03
0900 1500 2100 09000300
Figure 4 .2 : Measured 
discharge at the F2, F2.5 
and F3 sampling sites for 
13-Aug to 14-Aug-2003. The 
gray cross-hatched area 
approximates the night time 
period in all diel figures. 
[Accuracy of flow 
measurement is assumed to 
be w ith in ±10% .]
Time
showed diumal changes o f 11.8, 12.0, and 10.2°C, respectively, in 2003 (Figs. 4.3 and
4.4). As in 2002, the pH at each station in 2003 showed only small diel changes (-0.1 to 
0.3 units, Figs. 4.3 and 4.4).
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Figure 4 .3 :  a. pH and
temperature measured 
at the F3 site during 
both the 2002 and 
2003 samplings, b. pH 
and temperature 
measured at the F2 
site in both 2002 and 
2003.
Time
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Figure 4 .4 : pH and
temperature measured at 
the F2.5 site during the 2003 
sampling.
4.2.2 - Trends in metal concentration and speciation:
(ICP analysis o f metals in Appendix A-3, pp. 184-190)
Average concentrations o f dissolved and particulate Fe were lower in 2003 than in
2002 (Figs. 4.5a & b), however, the diel trends are very nearly the same. Dissolved
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Figure 4 .5 : a. Total filtered (0.1 gm) Fe 
(mg L'1) at the F2 site during the 2002 and 
2003 samplings, b. Total particulate Fe 
(mg L '1) at the F2 site during the 2002 and 
2003 samplings.
c. Dissolved Fe(II) at the F2 site (mg L"1) 
during the 2002 and 2003 samplings. 
[Particulate concentrations determined by 
subtracting filtered concentration from 
to ta l concentration. Analytical uncertainty 
based on duplicate analyses fo r Fe is within 
±0 .02 . The uncertainty of the Fe(II) 
analysis is within ±0.01 mg L_1and the 
values reported are averages o f three 
readings of each sample.]
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Fe (II) profiles (Fig. 4.5c) for the F2 m onitoring site in 2002 and 2003 are consistent with 
a diel concentration cycle o f Fe(II) produced by the daytime photoreduction o f  ferric to 
ferrous Fe (McKnight and Bencala, 1988; M cK night et al., 1988, 2001; Gammons et al.,
2d"2005a). In both years, total dissolved Fe and  Fe concentrations peaked at 
approximately 1500 hours, at roughly the sam e time that particulate Fe (determined by 
the difference o f  filtered vs. non-filtered sam ples) reached a minimum.
Figure 4 .6 :  a. Total filtered 
(0.1 (am) Fe (mg L '1) at the F3 
site during the 2002 and 2003 
samplings, b. Particulate Fe 
(mg L'1) at F3. c. Filtered Al 
at F3 during 2003 only. 
[Particulate concentrations 
determined by subtracting 
filtered concentration from 
total concentration.
Analytical uncertainty based 
on duplicate analyses is within 
±0.001 and ±0.003 mg L 1 for 
Fe and Al, respectively.]
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In both 2002 and 2003, maximum concentrations o f  dissolved Fe at F3 were 
observed at night, and minimum concentrations during the afternoon (Fig. 4.6a). 
A lthough the much lower Fe concentrations at F3 in 2003 made it impossible to speciate 
dissolved Fe between Fe(II) and Fe(III), results from 2002 (Gammons et al., 2005a) 
suggest that most o f the night-time increase in dissolved Fe was likely as Fe(II). 
Particulate Fe concentration showed a more clearly defined diel pattern in 2002 than 
2003. However, in general, the particulate F e  does exhibit an inverse relationship to 
dissolved iron at F3 which is consistent w ith increased daytime removal o f Fe in the 
stream above F3 (discussed further in section 4.2.3). Figure 4.6c shows a weak diel cycle 
in dissolved Al at F3 with a concentration m axim um  at -1 8 0 0  hours. The pattern is 
opposite to what might be expected based on adsorption/desorption processes with 
sediments as well as temperature influenced precipitation processes. In the 2002 study, 
Al concentrations were below detection by the analytical m ethod used at that time so no 
comparison is available. The behavior o f  A l in a near-neutral stream will be discussed 
further in section 5.2.3 (Chapter 5, Rio Agrio).
No diel concentration cycles for Cu and Zn were observed at F2 in 2002 or 2003; 
however, significant cycles in both metals w ere seen at F3 that were similar in phase and 
magnitude for both years o f observation (Figs. 4.7 & 4.8). Dissolved Cu increased 110 
and 140% in 2003 and 2002 respectively, from minim um  to maximum concentrations, 
and Cu concentrations, like Fe, were generally low er in 2003 than in 2002.
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Figure 4.7: a. Total filtered (0.1 
lam) Cu (mg L '1) at the F3 site during 
the 2002 and 2003 samplings, b. 
Particulate Cu (mg L 1) at F3. c. The 
fraction of Cu present in the 
particulate phase during the 2002 
and 2003 samplings and the 
apparent distribution coefficient (Kd*, 
L k g 1) at F3 calculated from the 
2003 data set. [Particulate 
concentrations determ ined by 
subtracting filtered concentration 
from total concentration. Analytical 
uncertainty based on duplicate 
analyses is w ithin ±0 .008 mg L"1 for 
Cu.] (Kd* is discussed in section 
4.2.5)
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Some upstream remediation o f the ARD sources had begun by A ugust 2003, possibly 
causing some o f this difference. At F3, the fraction o f total Cu that partitioned into 
suspended particles was lower in 2003 but the trend was the same for both years (Fig. 
4.7c). Dissolved Zn concentrations at F3 (Fig. 4.8) followed a sim ilar diel cycle to those 
o f Cu, but with a lower amplitude o f  variation.
Unlike Cu, very little Zn partitioned in suspended sedim ent (~9%, 24-h avg.) at 
F3, and there were no systematic diel variations in the concentration o f  particulate Zn as a 
function o f  time o f day.
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Figure 4 .8 : Total filtered 
(0.1 pm) Zn (mg L"1) at 
the F3 site during the 
2002 and 2003 samplings. 
[Analytical uncertainty 
based on duplicate 
analyses is w ith in ±0.002 
mg L_1 for Zn.]
0800 1400 2000 0200 0800
Time
A comparison o f  the 0.1 pm filtered samples versus the ultra-filtrates (UF, 0.001 
pm) at the three sampling sites was undertaken to determine whether measurable 
quantities o f  colloidal particles (<0.1 pm) w ere forming. The m ost significant difference 
between the 0.1 pm filtered and the UF sam ples occurred for Fe at the F2.5 site. The 
0.1pm filtered samples collected at 2000 and 0900 hours were 127% and 121% higher in 
Fe concentration respectively, than the F2.5-UF filtered samples collected at the same 
times. This indicates that there was a m easurable fraction o f  Fe colloids in the 0.001 to 
0.1 pm size range at F2.5 which is consistent w ith the freshly forming Fe precipitates 
between F2 and F2.5. Kimball et al., (1995) determined that Fe was the m ost significant 
colloid-forming element in an ARD impacted stream  in Colorado and that detectable As, 
Cd, Cu, Pb and Zn could accumulate in the colloids at levels that m ay be toxic to aquatic 
life. For other elements, the concentrations o f  the F2.5-UF samples were all w ithin 10% 
o f their respective 0.1 pm  filtered samples.
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4.2.3 -  Temporal and spatial trends in metal load:
The average change in the load9 o f selected metals and flow between F2 to F2.5 
and F2.5 to F3 was calculated as the change in  the average load between these sites 
divided by the average initial load at F2 (Fig. 4.9). A  negative change means that 
param eter decreased between sites and a positive value means an increase. Overall 
decreases in Fe, Al, Cu and Mn were observed between both reaches. Both Fe and Al 
show close to 100% decreases between F2 to  F3 when averaged over the 24-h period. 
There was an increase in Zn load between F2 to F2.5 which m ay be in part a surface and 
groundwater contribution consistent with the increase in flow in this reach. The mass 
load o f  the conservative species N a and K  also increased from F2 to F2.5.
Fig. 4 .9 : The 24-h 
load was used to 
calculate percent 
change of selected 
metals and flow 
from F2 to F2.5 
and F2.5 to F3.
<? *  c? V #  C? *  J 1 J
i  *
Diel changes in dissolved Fe load (Fig. 4.10) were m ost apparent at F2, due to the 
production o f  soluble Fe(II) during the m id-day photic period. The Fe load at F2.5 was 
~5-fold lower than the value at F2, and by the tim e the stream reached F3 the average Fe
9 Calculated as concentration x flow.
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load was only ~3% o f the average load at F2 (Fig. 4.10). The efficiency o f Fe removal 
during different parts o f  the day was further exam ined by comparing the mass load o f  Fe 
at the F2.5 or F3 site minus the load at the respective upstream station, adjusted for travel 
time. At 1400 hours, approximately 90% o f  the dissolved Fe was removed from the 
water before reaching the F2.5 site (Fig. 4.11). Large percent decreases (> 90%) in 
dissolved aluminum load were also noted betw een stations F2 and F2.5; however there 
were no clearly-defined diel trends in A l-rem oval efficiency (Fig. 4.11). This is most 
easily explained by precipitation o f  hydrous Al oxide (HAO) or some other poorly 
crystalline phase as the stream was neutralized below  F2.
Fig ure 4 .1 0 : Mass load of 
filtered Fe (mg s"1) at F2, F2.5 
and F3 during the 2003 
sampling. [Uncertainty in load 
determinations is assumed to be 
within ±10% ]
Figure 4 .1 1 :  The
fraction o f Fe removed as 
the water travels 
between the F2 to F2.5 
and F2.5 to F3 sites is 
shown. Also indicated is 
the fraction o f Al 
removed between F2 to 
F2.5. The water 
temperature at F2 is 
shown for reference.
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The load o f dissolved Cu generally decreased from F2 to F2.5 to F3 (Fig. 4.12), 
indicating that Cu was being chemically attenuated onto the streambed or suspended 
particles. A t F2, no clear diel cycle in Cu load was apparent. However, a 65% change in 
Cu load was evident at F2.5 between the nighttim e high and afternoon low, and this diel 
pattern was amplified to a 147% change in Cu load at F3.
Figure 4 .1 2 : Mass load of 
filtered Cu (mg s '1) at F2, F2.5 
and F3 during the 2003 
sampling. [Uncertainty in load 
determinations is assumed to 
be w ith in ±10% ]
The maximum fraction o f dissolved Cu removed between F2 and F2.5 (Fig. 4.13) 
occurred at about 1400 hours, which corresponds well w ith the Cu concentration 
minimum at F3 at -1700  hours after allowing for the -2.25 hour travel tim e for the water.
The load profiles for dissolved Zn (Fig. 4.14) were quite different from those for 
Cu. The Zn load increased from F2 to F2.5 suggesting an influx o f Zn from ground or 
surface water. A diel cycle o f  approxim ately 60% in the Zn load was established by the 
time the water reached F3.
88
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.6
F2 to F2.5
> 0 . 5
emp
Q.
5
0 800  1400 2000 0200
Time
0 800
Figure 4 .1 3 :  The
fraction o f Cu 
removed as the 
water travels 
between the F2 to 
F2.5 and F2.5 to F3 
sites. The water 
temperature at F2 
is shown for 
reference.
Figure 4 .1 4 :  Mass load of 
filtered Zn (mg s '1) at F2, 
F2.5 and F3 during the 2003 
sampling. [Uncertainty in 
load determ inations is 
assumed to be w ith in ± i o % ]
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The differences in the behavior o f  C u and Zn noted here m ay be due to the 
differing degrees to which these metals sorb to freshly formed HFO and HAO colloids in 
the F2 to F2.5 reach. Other studies have determ ined that the pH 5o10 adsorption edge for 
Cu to Fe-Al-S0 4  " rich hydrous oxides produced from neutralization o f  acidic mine 
waters has been found to be in the pH range o f  4.5 to 6.1 (W ebster et al., 1998; Swedlund 
et al., 2001; Lee et al., 2002). In this study the maximum rem oval o f  Cu from Fisher 
Creek occurred between the F2 and F2.5 sites (Fig. 4.12) w here the pH changes from 5.3
10 The pH at which 50% adsorption o f metal from solution to sorbent occurs. This is also dependent on 
sorbate to sorbent ratio and counter ions present.
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to 6.9. This range o f pH for Cu removal is consistent with the cited values for the pHso o f 
Cu. The pHso adsorption edge for Zn to sim ilar sorbents occurs at ~1 pH unit higher than 
that o f  Cu (5.6 to 7.5, Lee et al., 2002). Consequently, in the reach o f  Fisher Creek where 
most o f  the HFO and HAO precipitation occurs (F2 to F2.5) Zn m ay not adsorb as readily 
as Cu w hich is consistent with the lower am ounts o f  Zn found in particulates at F3 (Fig. 
4.8) com pared to Cu (Fig. 4.7).
4.2.4 - Sediment extraction:
The m etals content o f the total suspended sedim ents (TSS, mg g '1) was determined for 
samples from the F2, F2.5 and F3 sites (Table 4.2). The 24-h average composition o f  Fe 
in the TSS increased 2.5-fold from F2 to F3 (Fig. 4.15). The largest change in 
composition between the two sites was found in Cu which increased ~11-fold. Very little 
change in Zn composition in the samples was observed between F2 and F3. There was 
no change in the Al concentration in the TSS between F2 and F3 (data not shown). The 
Cu:Fe ratio (mg g'Vmg g"1) was 0.03 and 0.12 at F2 and F3, respectively. However, there 
were no clear diel trends in the Cu:Fe ratio or metal concentrations in the TSS. The 
increase o f  the Cu:Fe ratio in TSS between F2 to F3 is consistent w ith the removal o f  Cu 
by co-precipitation or adsorption onto freshly forming HFO in this reach. Additionally, 
the fact that the Zn composition o f the TSS exhibits little change is consistent with the 
small fraction o f Zn-particulates observed betw een F2 to F3 (section 3.2 and Fig.4.8).
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 4.2: Acid extractions o f TSS and benthic sediments from the F2, F2.5 and F3 
sampling sites. Element concentrations are expressed as mg per gram o f sediment.
Fisher Creek F2 TSS TSS mg g'1 sed
Sample # Date/Time mg kg'1 Al Ca Fe Cu Mn Zn SO„2'
FC2-1A 8/13/2003 9:30 2.65 367 504 18.3 0.95 0.91 0.66 85.5
FC2-3A 8/13/2003 13:00 1.99 365 501 24.0 0.69 1.03 0.59 81.8
FC2-4 8/13/2003 15:00 1.98 368 510 25.4 0.63 0.97 0.59 70.5
FC2-5A 8/13/2003 17:00 1.31 374 488 36.4 0.73 1.20 0.95 67.8
FC2-6 8/13/2003 19:00 2.31 401 512 23.1 0.55 0.63 0.37 46.5
FC2-7 8/13/2003 21:00 1.89 378 521 25.6 0.71 0.70 0.34 55.1
FC2-9A 8/14/2003 1:00 1.68 373 511 29.7 0.91 0.87 0.81 60.0
FC2-10 8/14/2003 3:00 1.79 353 522 27.8 0.66 1.18 0.80 61.7
FC2-11 8/14/2003 5:00 2.05 360 526 27.0 0.81 1.06 0.75 56.2
FC2-12 8/14/2003 7:00 2.42 376 529 22.4 0.52 0.72 0.51 51.6
FC2-13A 8/14/2003 9:00 2.02 365 506 25.2 0.65 1.07 0.75 72.5
F2 benthic seds 59.01 0.72 73.15 2.97 0.38 0.13 0.38
F2.5 benthic seds 17.90 1.77 60.53 3.43 0.31 0.25 0.31
ii ~  . ■■= — ■■■: -  - -7  :: . : ................. r n - T " — ......... il
Fisher Creek F3 TSS TSS mg g'1 sed
Sample # Date/Time mg kg'1 Al Ca Fe ] Cu Mn Zn SO„2'
FC3-1A 8/13/03 9:00 1.57 356 492 79.7 10.61 1.08 0.700 36.7
FC3-3A 8/13/03 11:00 1.77 354 502 76.0 10.29 1.14 0.714 29.5
FC3-5A 8/13/03 13:00 2.49 366 517 67.7 9.16 1.04 0.605 21.8
FC3-8A 8/13/03 16:00 2.50 363 509 73.7 8.56 1.39 0.926 22.3
FC3-11A 8/13/03 19:00 4.43 384 520 60.1 8.75 0.85 0.616 15.5
FC3-14A 8/13/03 22:00 1.85 359 505 68.5 8.27 1.33 0.737 29.4
FC3-16A 8/14/03 0:00 3.40 386 540 40.8 5.06 0.84 0.453 15.9
FC3-19A 8/14/03 3:00 1.58 366 511 64.7 7.45 1.29 0.562 27.7
FC3-22A 8/14/03 6:00 2.42 385 508 58.2 6.42 1.11 1.440 23.9
FC3-23A 8/14/03 7:00 2.93 382 521 56.0 5.82 1.21 0.494 19.2
FC3-24A 8/14/03 8:00 2.70 384 506 60.1 6.55 1.07 0.845 25.3
FC3-25A 8/14/03 9:00 3.70 378 535 48.8 4.94 0.89 0.400 19.1
FC3-26A 8/14/03 10:00 2.27 344 499 80.7 8.90 1.29 0.976 37.6
F3 benthic seds 20.1 1.93 55.0 3.97 0.796 0.334 7.43
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Figure 4 .1 5 : The average (24- 
h) compositions of suspended 
sediments (TSS) after acid 
extraction for the F2 and F3 
sites.
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4.2.5 - Partitioning of Cu and Zn onto HFO:
(Data and calculations for Kd in Appendix A-3, p. 215)
Values o f  the apparent distribution coefficient (Kd*) for Cu between the
suspended solid and aqueous phases at the F3 site were calculated assuming that the
sorbent phases for Cu(II) were freshly precipitated amorphous Al and Fe oxides with an
approximate stoichiometry o f A l(O H )3 and Fe(O H )3 . The apparent distribution
coefficient was then calculated for each o f the hourly F3 samples as follows (Eqn. 4.1):
K d =
(m g Cu (particles)/L )/(kg (Fe(O H )^ +  A h O H )^  )/L) 
(mg Cu dissolved/L)
(4.1)
This calculation o f the distribution coefficient takes into account the changing 
concentration o f particles available for sorption and assumes an equilibrium system that 
may not be achieved in the flowing stream but does provide a semi-quantitative 
evaluation o f  the solution-particle mass distribution. The Kd* (L k g '1) values increased 
in the afternoon (Fig. 4.7c), indicating greater partitioning into the suspended sediments, 
and were positively correlated w ith temperature (R =0.88). The average value for log 
Kd*(Cu) measured here was 5.79 which is larger than the calculated value o f  4.27 
measured for Cu partitioning into suspended sediments in the Don River, Canada 
(Warren and Zimmerman, 1994). A plot o f  In K<j* versus 1/T produced a correlation 
coefficient (R ) o f  0.81 with a slope o f -10217 K  and an apparent adsorption enthalpy o f  
85 kJ mol"1 (see Appendix A-3, p .215 for plot). A  literature value for the adsorption 
enthalpy o f Cu with HFO at pH 7 was not found for comparison.
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The Zn concentration cycle showed a  33% minimum to m axim um  change in 2003 
(Fig. 4.8). The fraction o f Zn partitioning into the particulate phase was less than for Cu, 
w ith a 24-h average o f ~9%. The apparent distribution coefficient calculated for Zn (as 
described for Cu above) showed a less obvious diel change and had an average value (log 
Kd*) o f  5.15 (±0.20). A plot o f In K<j* versus 1/T for Zn yielded a correlation coefficient 
(R2) o f  0.47 with a slope o f -8033 K  and an adsorption enthalpy o f  67 kJ m ol’1 (see 
Appendix A-3, page 215 for plot). This com pares to a value o f  49.0 kJ m o l'1 determined 
by M achesky (1990) for Zn(II) sorption to hem atite at pH 7 and 95 kJ m o l'1 by Trivedi 
and Axe (2000) for the sorption o f Zn(II) to freshly precipitated HFO at pH  7. An 
adsorption enthalpy o f 50.3 kJ m ol'1 w as determ ined by Shope et al., (in review) for 
Zn(II) interacting with Mn-Zn oxide crusts.
4.2.6- SEM-EDX:
(see Appendix A-3 for detailed SEM-EDX results, pp. 194-216)
Table 4.3 lists selected element data from SEM-EDX analysis o f  TSS and benthic 
sediments from the F2, F2.5 and F3 sites at F isher Creek. Individual m ineral grains that 
exhibited a high degree o f  back-scatter reflectance were selected w ithin the sample 
matrix for the EDX analysis. Five o f  seven individual analyses on the F2.5 benthic 
sediment samples showed an average iron to  oxygen ratio o f 0.49 (sam ples 1-5) which is 
consistent with Fe2 0 3 -H2 0  (Fe:0; 0.5) as the m ajor component o f  the H FO  as suggested 
by Dzombak and Morel (1990). The two analyses with low Fe (F2.5 benthic 6 & 7) have 
higher concentrations o f  silicon and alum inum  than the five analyses w ith high iron 
suggesting that these samples may be a clay type mineral. A ll o f  the benthic sediment 
grains analyzed contained detectable am ounts o f  copper but no detectable amounts of
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zinc. The atom percent o f  Fe found in the TSS sediments was low com pared to the 
benthic sediments. This m ay be an artifact o f  the analysis since the m ineral grains that 
were analyzed were ones that gave an obvious backscatter pattern. The freshly formed 
iron containing precipitates m ay be found only  in the smaller-size fraction particles that 
did not give as significant a backscatter reflection, and they m ay have been over looked.
Table 4.3: Summary of selected element compositions as determined by EDX analysis 
for TSS and benthic sediments from Fisher Creek F2, F2.5 and F3 sites. Values are 
given in atom percents and n.d. indicates not-detected. Complete analyses of each
sample given in t he Appendix (A-3).
Fisher Creek 2003 
Sample
Atom %
Ca O Fe Cu Mg Al Si
F2 benthic sed nd 55.67 25.10 0.29 0.14 8.66 6.00
F2.5 benthic sed-1 nd 55.66 33.03 0.88 nd 3.09 4.84
F2.5 benthic sed-2 0.41 53.69 32.30 0.40 0.19 3.49 8.63
F2.5 benthic sed-3 0.09 62.89 27.12 0.73 0.20 2.27 4.90
F2.5 benthic sed-4 0.12 66.95 22.60 0.45 0.51 4.02 4.32
F2.5 benthic sed-5 0.08 60.09 28.33 1.02 0.05 3.61 5.35
F2.5 benthic sed-6 0.42 68.97 3.67 0.32 0.89 8.05 14.73
F2.5 benthic sed-7 0.27 74.54 4.96 0.11 0.57 7.05 10.25
F3TSS 0100-1 19.97 59.05 0.57 nd nd 3.31 7.58
F3 TSS 0100-2 3.99 69.72 2.70 0.37 nd 8.43 13.88
F3 TSS 0100-3 4.85 66.17 1.08 0.16 1.64 8.63 16.38
F3TSS 0100-4 2.14 69.31 0.88 0.46 1.24 10.24 14.72
F3 benthic sed-1 nd 48.16 42.97 0.14 0.06 3.12 3.82
F3 benthic sed-2 nd 56.41 30.88 0.95 0.15 3.02 5.88
F3 benthic sed-3 nd 53.23 32.22 0.98 0.05 4.09 6.41
F3 benthic sed-4 nd 61.93 28.19 0.64 0.15 3.05 4.28
F3 benthic sed-5 nd 50.14 29.21 0.31 0.73 2.77 4.23
4.2.7 - Laboratory Results:
4.2.7.1 -  F3 sediment equilibrations:
(Data from F3 equilibration experiments in Appendix A-3, p. 216)
During equilibration o f  F3 sediment w ith water containing Zn(II) and Cu(II), the 
dissolved concentrations o f  these metals initially decreased 3.6 and 18.7 fold 
respectively, and then reached a steady state after -1 4 0  hours (Fig. 4.16). At 150 hours
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the temperature o f the experimental system was decreased to a minimum o f 5.6 °C and 
then was raised back up to 19.6 °C over a 70-h period. Samples withdrawn during this 
temperature gradient period showed no change in Zn or Cu concentrations (Fig. 4.15). A 
control bottle filled w ith the same Zn and Cu containing water but with no sediments was 
run in parallel. The Zn and Cu concentrations in the second bottle did not change within 
the analytical uncertainty o f the AAS analysis.
The results o f  this simple experiment are important, for three reasons. First, they 
show that complete equilibration o f metal concentrations in w ater in the presence o f  F3 
sediment takes a long tim e -  on the order o f several days. This implies that attenuation of 
Cu and Zn in Fisher Creek is most likely influenced by kinetic -  as well as equilibrium -  
factors.
Figure 4 .1 6 :  Results of 
temperature controlled 
equilibration of F3 sediments 
with prepared water 
containing Zn and Cu 
concentrations of 350 and 
280 pg L'1 respectively. The 
pH and temperature 
recorded during the 
experiment are also shown. 
[Uncertainty in GF-AAS 
analyses assumed to be 
within ± 8 % .]
Other investigators have shown that sorption kinetics o f cations to freshly formed HFO 
particles occurs in two stages (Axe and Anderson, 1995, 1997; Scheinost et al., 2001). 
The first stage is relatively fast and reversible in which bulk solution phases interact with 
external sorbent surfaces. The second stage is slower, not readily reversible and is based 
on diffusion o f the sorbate through micro-pores into the m atrix o f  the colloidal particles. 
Second, these results show greater tendency for Cu to partition onto the F3 sediment than
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Zn, consistent with a number o f lines o f evidence presented elsewhere in this thesis. 
Third, and most significantly, these results suggest that the mechanism attenuating 
dissolved Cu and Zn concentrations is irreversible, at least w ith respect to temperature 
changes. Once adsorbed or co-precipitated with the sediment at room temperature, 
neither metal was released back to solution w ith  a subsequent decrease in temperature. 
This result is in contrast to a recent study (Shope et al., in review) that found that sorption 
o f  Zn2+ onto hydrous M n-Zn oxide crusts and biofilms in pH 8.2 water was reversible, 
and highly sensitive to small changes in bo th  temperature and pH. This is reinforced by 
findings from in-stream chambers em ployed by C. Jones in Fisher Creek (Parker et al., in 
review) that showed no diel changes in Cu o r Zn concentration while temperature 
changes were similar to those o f the flowing water. The chambers contained benthic 
materials collected from the F3 site and w ere placed in the stream in order to be 
temperature equilibrated. Three o f  the cham bers were clear to allow light to enter and 
three were covered with black plastic to exclude light.
4.2.7.2 - FI water titration:
(Data from FI titration experiments in Appendix A-3, p. 216)
A bulk water sample collected at the F I sampling site (avg. pH  3.3, Gammons et 
al., 2005a) was used as the starting solution for the isothermal titration experiments. This 
experiment was conducted using the addition o f  a dilute solution o f  base, taking 
approximately 4 hours to go from F I-pH  to F3-pH conditions. The results were plotted as 
the log o f the fraction o f  Fe remaining in solution (<0.2 pm) as a function o f  pH (Fig. 
4.17). These data confirm that increased tem perature enhances the rem oval o f  Fe from 
solution (Fig. 4.11). As the FI water was slow ly neutralized, Fe-oxy-hydroxides
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precipitated at a pH that increased systematically with the decrease in temperature. The 
fine-grained HFO colloids formed by this neutralization can serve as a sorbent material 
capable o f  scavenging Cu from solution. The increased removal o f  Cu in the reach from 
F2 to F2.5 closely followed the increased rate o f  precipitation o f Fe during the higher 
afternoon temperatures, suggesting a possible mechanism for diel Cu cycling at the F2.5 
and F3 sites.
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Figure 4 .1 7 : Results of temperature controlled experiments using Fisher Creek 
water collected at the FI sampling site and titra ted with dilute sodium hydroxide.
The log of the fraction of dissolved Fe remaining in solution as a function of pH is 
plotted at four different temperatures. The vertical dashed lines show the 
approximate pH regions of the F I, F2, F2.5 and F3 sampling sites (2003 data). 
[Uncertainty in GF-AAS analyses assumed to be within ± 8 % .]
4.2.8 - Geochemical Modeling:
Modeling was performed using solution data for the F2, F2.5 and F3 sites with the 
geochemical modeling program Phreeqcl (Parkhurst and Appelo, 1999) supplemented 
with the value for the thermodynamic equilibrium constant and enthalpy for the
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dissolution of Fe(OH)3(a)n (Liu and Millero, 1999). The average value o f the saturation 
index (SI)12 for Fe(OH)3(a) at F2 was 0.55 while at F2.5 the average value was 1.48. The 
SI for Fe(OH)3(a) was positive at both sites for the entire 24-hour period and was above 
1.0 during the entire diel sampling period at F2.5 indicating that the water was 
supersaturated with respect to Fe(OH)3(a). The SI decreased after the water left the F2.5 
site, with an average value of -0.68 at F3. The concentration of dissolved Fe at F3 
decreased during the afternoon (Fig. 4.6) which is consistent with the large removal o f Fe 
between F2 to F2.5 that reached a maximum at 1400 hours (Fig. 4.11). This result is most 
likely related to the inverse solubility relationship o f Fe(OH)3(a) with temperature (Liu 
and Millero, 1999). Additionally, the kinetics o f  colloid formation can be expressed by 
an Arrhenius type rate expression such that the rate will increase with temperature 
(Everett, 1988; Drever, 1997). Based on the modeling results the solid Cu phase with the 
highest SI value at F3 was Cu(OH)2(s). The average SI for Cu(OH)2 was -1.6 suggesting 
that precipitation of a pure Cu phase was not controlling the diel concentration cycle 
observed at F3.
Phreeqcl was also used to model the adsorption o f Cu and Zn ions in solution to 
FIFO surfaces. Solution data for the first hourly samples (2003 sample data) were 
entered into Phreeqcl which included all available cation and anion data, pFf, temperature 
and alkalinity (designated solution 1). A one binding site model was developed and the 
following parameters were used to describe the FIFO surfaces (Dzombak and Morel, 
1990): HFO surface area, 300 m2 g'1; number o f HFO binding sites, lxlO"4 mol sites g'1
11 The term (a) refers to amorphous.
12 Saturation index (SI) is log f l  (activity ionic spec
sp
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sediment; m ass o f HFO in contact w ith solution, 0.5 g L '1; average composition o f  HFO, 
Fe20 3 -H2 0 . The standard Phreeqcl database was modified with the addition o f  the 
reactions and adsorption enthalpies for hydrogen ion (H+), Cu(II) and Zn(II) ions (Table
4.4). A n adsorption enthalpy for Cu(II) to H FO was not found so the value reported for 
Ni(II), w hich has 6-coordinate stereochemistry and an ionic radius similar to the cupric 
ion, was used (Machesky, 1990). Equilibrium  binding (adsorption) constants for these 
reactions were used as published in the Phreeqcl database. The sorbent surface was 
initially set to equilibrate with solution 1 (described above). For each additional hourly 
solution only the pH and temperature values were entered; no further dissolved species 
concentrations were supplied after solution 1 data were entered. These subsequent 
solutions were then allowed to equilibrate w ith  the sorbent surface. The model then 
predicted chemical speciation and concentrations o f  Cu (II) and Zn (II) for each hourly 
data-set.
Table 4.4: Surface reactions for sorption o f H+, Zn(II) 
and Cu(II) to hydrous ferric oxide (HFO) sites. Also listed 
are the adsorption enthalpy values used to supplement 
the Phreeqcl database
R e a c t io n s : A H a d s a (k J  m o l '1)
H+ + H FO -O H -> H FO -O H 2+ -38
Z n 2+ + H FO -O H -* H FO -O Z n+ + H+ + 49
C u 2+ + H FO -O H -* H FO -O C u+ + H+ +30
3 M a c h e sk y , 1990; Ni(ll) e n th a lp y  u s e d  f o r  C u(ll).
H F O = h y d ro u s  fe rric  o x id e
The data presented here used a are based on a diffuse layer calculation incorporated into 
Phreeqcl such that the sum o f the surface charge plus the diffuse layer charge equals zero. 
However, using the default setting in Phreeqcl, w hich makes no diffuse layer
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approximation, yielded similar results. The m odel concentration profiles for the Zn data 
match the field observations well, while the m odeled Cu concentration over-predicted the 
daytime concentration decrease (Fig. 4.18). M odeled results using the 2002 field data 
were similar (Gammons et al., 2005a). The initial assumption was made that the enthalpy 
o f  adsorption for Cu is similar to that o f  Zn because a literature value was not found for 
Cu.
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1 2  a  Figure 4 .1 8 : Results of 
E sorption modeling using 
h  Phreeqcl for Zn and Cu and 
8 a HFO surface. The modeled 
results and the observed 
field data are shown. The 
temperature at F3 is given 
for reference. [Precision of 
Cu & Zn measurements 
discussed in Figures 4.7 and 
4.8, respectively.]
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Substituting a value o f  30 kJ m of , the adsorption enthalpy reported for Ni(II), for that o f 
Cu returned a closer match between the m odeled data and the field observations. W hen
•j
the adsorption enthalpy o f  85 kJ m of determ ined above from the Kd* values was used 
(Sec. 4.2.5), the model predicted dissolved Cu concentration that were -5 7 %  lower than 
the values predicted using 30 kJ m ol'1. This model assumes that equilibrium adsorption
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and desorption processes are reversible; how ever, results presented here for field and 
laboratory experiments have demonstrated tha t desorption does not occur w ith 
subsequent changes in temperature. This suggests that a com bination o f  processes is 
responsible for the interaction o f  Cu and H FO  that are not accurately predicted by the 
model. Swedlund and Webster (2001) found that for sulfate-rich acid m ine waters, 
models that incorporated ternary HFO-CU-SO4 and HF0 -Zn-S0 4  com plexes were more 
successful at predicting the behavior o f  Cu and Zn in the system.
4.3 - Conclusions:
Diel variations in the concentrations o f  Fe2+, Fe3+, Cu and Zn were documented in 
two successive years in Fisher Creek and showed very similar patterns. This confirms 
that the diel cycles reported by Gammons e t al., (2005a) are long-term, lasting cycles. 
Stream pH increased with distance downstream, resulting in precipitation o f  HFO. The 
rate o f  HFO precipitation increased during the w arm er period o f  the day. This was a 
result o f  three mutually-reinforcing factors, including: a) the decreased solubility o f  HFO 
in warm vs. cold water, b) the increased rate o f  nucleation and growth o f  HFO in warm 
vs. cold water, and c) the increased flux o f dissolved Fe2+ from upstream , due to daytime 
photoreduction (and subsequent re-oxidation) o f  Fe in the acidic reaches o f  the stream.
As HFO precipitated, other trace metals, m ost notably Cu and Zn, sorbed to, or co­
precipitated with, the freshly formed surfaces. O f these m etals, Cu showed a much 
greater affinity for sorption to HFO than Zn. In addition, the degree to w hich Cu sorbed 
increased with an increase in temperature, consistent with an overall endothermic 
enthalpy o f reaction. The adsorption or co-precipitation o f  Cu and Zn onto HFO was
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irreversible. Once partitioned into the suspended solid phase, these metals did not 
subsequently desorb with a drop in temperature.
Results o f  temperature controlled laboratory experiments are in good agreement 
with results from in-stream chamber experim ents performed during the 2003 field study 
by C. Jones and reported in Parker et al., (in  review). Using dark and light chambers 
filled with stream water, sediment and cobbles it was shown that dissolved concentrations 
o f Cu and Zn at the F3 site in Fisher Creek w ere not influenced by photoperiod.
Although the stream showed a larger diel pH  range than the chambers, there was no 
significant difference in pH between light and dark chambers. Additionally, the average 
Cu concentration in the chambers was 5.6-fold low er than the average stream 
concentration. However, dissolved Zn concentration between cham ber and the stream 
water showed no statistical concentration differences. These results suggest that Cu is 
‘oversaturated’ with respect to a sorbed Cu phase at F3, and a steady-state was reached 
during the 19-h equilibration period. Conversely, Zn concentrations appear to already be 
at equilibrium at F3. Finally, and most significantly, the dissolved metal concentrations in 
the in-stream chambers showed no evidence o f  diel variation in either light or dark 
chambers. Large statistically significant differences in dissolved trace element 
concentrations between light and dark chambers have previously been demonstrated 
(Jones et al., 2004), indicating that this m ethodology can be successful at determining 
light-mediated effects on water chemistry. Also, the fact that the in-stream chambers 
showed no evidence o f  diel changes in Cu concentration strongly suggests that a kinetic 
and/or irreversible sorption process was influencing the diel concentration cycle o f  Cu in 
the stream. Additionally, the fact that little sorption o f dissolved Zn to substrate surfaces
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took place after the chambers were filled w hile the dissolved Cu concentration decreased 
suggests that potentially different m echanism s are influencing the dissolved Cu and Zn 
concentrations.
Surface complexation modeling showed good agreement between observed and 
predicted Cu and Zn concentrations at the pH -neutral downstream sampling site, but only 
when adsorption enthalpies were added to the thermodynamic database to take into 
account the temperature dependence o f  the sorption reactions. The good agreement 
between model and field results may in part be spurious, as irreversible (i.e., non­
equilibrium) processes also appear to play a  role in metal attenuation in Fisher Creek. 
Finally, the results o f  this study underscore the fact that the exact pH range over which a 
particular metal is attenuated in an initially acidic stream undergoing neutralization is 
highly sensitive to changes in the tem perature o f  the water. This complicates the 
interpretation o f synoptic data collected from watersheds in which metals concentrations 
vary in response to pH gradients.
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Chapter 5: Rio Agrio, Argentina
Diel changes in metals concentration in a geogenically 
acidic river: Rio Agrio, Argentina.
5.1 - Introduction:
The Rio Agrio is located in the central Patagonia region o f  A rgentina on the east 
slope o f the Andes Mountains, near the border w ith Chile. This geogenically derived 
acidic river system originates from geotherm al springs on the flanks o f  the volcano 
Copahue (2965 m, Fig. 5.1). Despite neutralization by several non-acidic tributaries, the 
R. Agrio remains acidic for approximately 40  km from its source. Copahue is an arc-type 
stratovolcano primarily o f  andesitic com position that shows a high degree o f  alteration 
from hydrothermal activity. This volcano is  active and its last eruption was in July- 
August o f  2000 (Varekamp et al., 2001). The summit o f Copahue has an acidic crater 
lake that has had negative pH values m easured in the past. At the tim e o f  this 
investigation, in March o f  2004, the geotherm al spring water (on the side o f  Copahue) 
was reaching the surface at temperatures o f  -8 0  °C and pH values o f  about 1.5. The 
water is estimated to be -70%  derived from  off-gassing o f  the magma chamber within the 
volcano and is mixed with meteoric water (H erm an et al., 1997). The hydrogeochemistry 
o f the Copahue-Upper Rio Agrio system is also described in Varekamp et al., (1997, 
2001). This acidic water contains high concentrations o f iron and aluminum and trace 
concentrations o f other elements. The chem istry o f  the acidic upper Rio Agrio, which is 
formed from these waters, has many parallels to the hard-rock m ining derived acidic
104
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
w aters (ARD) o f  the Rocky Mountains in the U nited States. Another notable feature o f 
the Rio Agrio system is the glacial carved lake, Lago Caviahue (Fig. 5.1, pH  ~2.6)13 
w hich fills a portion o f  the floor o f an ancient caldera.
LRA-2, pH 6.3LRA-1, pH 5. Rio Norquin
Rio Trolope
0  Sampling sites
|  •Copahue village
SDA, pH 3.2
Lower Rio AgrioCaviahue
SantiagoCopahue
volcano
2965  m iLago Caviahue, pH 2.6 B uenos
A iresUppei^Rio Agrio
tap detail
Riscos BayosChile Argentina
Figure 5.1: The study area in central Patagonia is shown. Sampling 
sites for diel studies are the SDA and LRA 1 & 2 sites. Also shown are 
the Copahue Volcano, upper Rio Agrio and Lago Caviahue.
The geochemistry and biology o f  the upper Rio Agrio and Lago Caviahue system has
been studied (Pedrozo et al., 2001; W endt-Potthoff and Koschorreck, 2002; Baffico et al.,
2004). However, few geochemical data have been published for the lower Rio Agrio
system (below Lago Caviahue) which is the focus o f  this study.
The Rio Agrio was examined and sam pled during a trip to a conference on
“Geogenically Acidic W aters” in Caviahue, A rgentina in M arch o f  2004. The sampling
sites selected for diel monitoring were below Lago Caviahue (Fig. 5.1). W ater
temperatures in this lower reach show no influence from geothermal activity, and are
13 The “upper R. Agrio” will refer to the river from the source geothermal springs to Lago Caviahue and 
the “lower R. Agrio” will refer to the river down gradient from the lake.
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controlled by air temperature and daytime solar insolation. Three sampling sites were 
selected (SDA, LRA-1 and 2; Fig. 5.1) along the lower Rio Agrio. These sites were 
selected to be similar in pH regime to the sam pling sites monitored along Fisher Creek 
(chapter 4, F I, F2, F2.5 and F3, Gammons e t al., 2005a; Parker et al., in review). The 
first site w as about 0.5 km upstream from a waterfall known as Salto del Agrio and the 
sampling site was designated SDA. The SDA site was approxim ately 0.5 km 
downstream from the confluence with the circum-neutral Rio Trolope. The Trolope and 
Agrio had approximately equal flows during this diel investigation. The SDA site had an 
average pH  o f 3.2 during the diel sampling experiment. The second site (designated 
LRA-1) was approximately 15 km downstream from the SDA site and was about 3.2 km 
above the confluence with the Rio Norquin. The LRA-1 site had a pH o f approximately 
5.3. The third site (LRA-2) was about 17 km  down river from the SDA site and about 1 
km above the confluence with the Norquin. The LRA-2 site had an average pH o f 6.3 
during our sampling experiments. One m ajor difference betw een the Rio Agrio sites 
and those o f  Fisher Creek is the physical distance between sites and correspondingly the 
river w ater transit time. The SDA site (similar to F I , Fisher Creek) is about 15 km from 
the LRA-1 site (similar to F2, Fisher Creek) while the FI and F2 sites are only about 1 
km apart.
Another factor influencing the w ater chem istry at the LRA sites were the 
numerous irrigation diversions and natural springs in the open pam pas region. Some of 
the irrigation water was returned to the river from seeps along the ditches and runoff from 
the fields. This water was chemically m odified and generally had higher pH, temperature
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and alkalinity than the river water in the sam e reach. Consequently, these springs, seeps 
and returns further neutralized and modified the river water composition.
The study and behavior o f rare earth elements has been previously discussed in 
the introduction (section 1.1.5). Here it w ill be shown that the lanthanide series elements 
undergo diel concentration cycles at the LRA-2 site that are characteristic o f  other 
cationic species previously discussed (ie. Cu(II) and Zn(II) at Fisher Creek, F3 site). 
Additionally, there is significant fractionation o f  REEs associated with the distribution o f 
these elements between the dissolved and particulate phases.
5.2 -  Results and Discussion:
5.2.1 -  Overall river parameters:
There is an overall decrease in m etals concentrations and increase in pH from the 
geothermal source on Copahue to the Low er Rio Agrio (Table 5.1). The Copahue source 
sample was collected from one o f the m ain geothermal springs during an ascent o f the 
volcano on 13-Mar o f  2004. These source w aters are variable depending on the state o f 
activity o f  the volcano. The Lago Caviahue sample was collected in the lake but near the 
outlet at the eastern end o f the north-arm. The lake waters are also variable depending 
on the time o f  year and location in the lake. Both the lake w ater sample and the source 
water are listed here to give a generalized picture o f  the m etals attenuation as the water 
travels through the river and lake system. The data listed for the Salto del Agrio (SDA) 
and lower Rio Agrio (LRA) sampling sites are the twenty-four hour averages from the 
diel sampling experiments conducted at those sites. The m etals concentrations decreased 
significantly between the source waters and Lago Caviahue m ostly due to dilution from 
non-contaminated tributaries. The river below the lake is referred to as the lower Rio
107
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Agrio and these waters become progressively neutralized by tributary contributions after
the river leaves the lake.
Table 5.1: Concentrations measured for various analytes from the Copahue-Rio Agrio 
system. Copahue source is one of the geothermal springs on the side of the volcano 
(sample collected by R. Kringel). Lago Caviahue values are from a sample collected 
at the outlet and the SDA and LRA values are  averages from the 24-h samplings. All 
values are for 0.2 urn filtered samples and are reported in mg L'1.
PH Al Ca Fe Mg Mn As Si SO42 Zn Cu
Copahue
source
1.5 2242 622 2400 1300 62.6 5.7 121 15000 5.8 0.004
Lago
Caviahue
2.6 22 22 26 26 1.24 0.034 10 350 0.03 0.005
SDA site 3.2 8.9 13 7.5 12 0.50 0.002 10 140 0.022 0.003
LRA-1 5.3 2.6 17 0.14 9 0.137 <0.001 17 80 0.01 <0.001
LRA-2 6.3 0.34 23 0.08 11 0.135 <0.001 10 86 0.002 <0.001
5.2.2 - Salto del Agrio (SDA):
(Data in Appendix A-4, p. 217)
2 1Figure 5.2a shows temperature (°C), pH  and PAR (pE  m ' s " ) measurements from 
the diel experiment at the SDA sampling site for 15-Mar (1500 hours) to 16-Mar (1600 
hours), 2004. A small change in pH over the 24-h period o f  ~0.2 units was measured 
with the pH increasing during the day and decreasing at night. In contrast to the acidic 
reaches o f  Fisher Creek (F2), the river cobbles and surfaces at the Salto del Agrio site 
were covered with biofilm and algae. This pH  change although small, shows a consistent 
trend and is in agreement with the daytime rem oval o f CO2 by  photosynthetic organisms. 
However, the Rio Trolope (discussed in intro., this chapter) m ay have a diel hydrologic 
cycle which could vary the contribution o f alkalinity in the m ixing region upstream from 
the sampling site.
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Figure 5.2: SDA site parameters for 15-Mar to 16-Mar, 2004. a. 
Temperature (°C) and pH; b. Discharge (m 3 s"1) and tota l suspended 
sediments TSS, (mg kg '1); c. specific conductivity (SC, ^S cm '1) and 
PAR (nE m '2 s '1).
The overall temperature change o f  the river w ater during the sampling period was 6.6 °C.
1 • 3 1Figure 5.2b shows that a weak diurnal cycle in discharge (m s ' ) was observed at the
3 1Salto site and the average flow was 1.3 m s' . The 24-h change in discharge may also be 
produced by a hydrologic cycle from the Trolope. The total suspended solids (TSS, mg
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kg ' 1 water) showed a decrease overnight and a higher but variable pattern during the day 
(Fig. 5.2b). The specific conductivity (SC, pS cm '1) showed a small but general increase 
over night (Fig. 5.2b).
8.5
l j  8.0 
o>
£
<D
u- 7.5 
■o 
a>>
o
w 7.0 
Q
6.5
1400 2000 0200 0800 1400
Time of day
Figure 5 .3: Total dissolved and particulate Fe (mg L"1) at the SDA site. 
[Particulate concentrations determined by subtracting filtered concentration 
from total concentration. Analytical uncertainty based on duplicate analyses 
for Fe is within ±0.6 mg L"1.]
5.2.2.1 -  SDA iron behavior:
(ICP metals data in Appendix A-4, pp. 220-1)
The particulate iron concentration was relatively constant through most o f the 24-
h period but showed sporadic behavior in the afternoon on 16-Mar (Fig. 5.3). The
afternoon period was characterized by strong, gusty winds due to an approaching storm
and the wind appeared to increase w ater turbulence which m ay have resulted in the
variable suspended sediment concentrations. Total dissolved iron concentration did
increase over night and decreased during the day (Fig. 5.3). It is im portant to note the
correlation between SC and total dissolved iron concentration (Figs. 5.2 and 5.3,
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R2=0.59). The diel cycle in Fe had a significant influence on the physical parameters 
measured during the field experiment. The Fe(II) and Fe(III) concentration profiles 
show behavior consistent with daytime photoreduction (Fig. 5.4, discussed previously in 
chapter 4, Fisher Creek).
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Figure 5 .4: Dissolved Fe(II) and Fe(III) speciation at SDA. [F e (III) was 
calculated by subtracting Fe(II) determined colorimetrically from the total 
dissolved Fe determined by ICP. The uncertainty in the Fe(II) analysis is 
within ±0.01 mg L_1and the values reported are averages of three readings 
of each sample.]
The slightly larger pH cycle measured at Rio Agrio-SDA m ay have a m ore significant 
impact on the rate o f  Fe(II) oxidation than the negligible cycle m easured at Fisher Creek, 
F2. The Fe(II) oxidation is most likely m icrobially catalyzed at Rio Agrio and these rates 
should be temperature sensitive.
The SDA sampling site on the Rio Agrio was chosen due to its similar pH regime 
and high metals concentrations to that o f the Fisher Creek F I site. In the case o f Fisher
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Creek the acidity and metals are produced b y  ARD while in the Rio Agrio the source is 
o f  geogenic origin.
5. 2.2.2 -  SDA arsenic behavior:
(Data in Appendix A-4, p. 218)
A  small diel cycle in arsenic was observed at SDA (Fig. 5.5). At pH -3 .2  the
most prevalent form o f arsenic is H 2ASO4'. O ther work has shown that anionic arsenate
species in near neutral to alkaline, oxic riverine systems typically have concentration
m axim a from 1400 to 1600 hours in the late afternoon and m inim a from 0400 to 0600
hours in the morning (Fuller and Davis, 1989; N im ick et al., 1998). It has also been
demonstrated that arsenate species are strongly adsorbed by freshly forming hydrous
ferric oxides (Fuller and Davis, 1989; Fuller et al., 1993; D rever 1997; N im ick et al.„
2003). During the daytime period the freshly formed ferrous iron produced by
photoreduction was being oxidized to ferric iron w hich rapidly hydrolyzed and
precipitated (see discussion of kinetics in chapter 4). At pH ~3 these freshly formed HFO
2 1colloids have large surface areas (200-600 m  g ' , Dzombak and Morel, 1990) and the pH 
o f zero point charge for ferrihydrite is about 8  such that below  this pH the iron oxide 
surfaces carry a net positive charge (Dzombak and Morel, 1990; Stumm and Morgan, 
1996; Langmuir, 1997) making them strong adsorbents for anionic species. At night 
when the rate o f Fe(III) hydrolysis and precipitation was lower the removal rate o f 
arsenate decreases. This is consistent w ith the increase in dissolved ferric iron at night 
(Fig. 5.4). Additionally, the load o f  dissolved Fe increased overnight (Fig. 5.5) and the 
particulate Fe concentration decreased (Fig. 5.3). These data are consistent with 
increased daytime removal of As due to adsorption or co-precipitation with freshly 
forming Fe oxides, which are formed more readily during the higher stream temperatures,
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as was observed in Fisher Creek (chapter 4). Diel cycles in trace anionic species have 
been postulated previously but never m easured due to concentrations lower than 
instrument detection limits.
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Figure 5.5: Dissolved Fe mass load at SDA and the dissolved As concentration. 
[Precision of load calculations is assumed to be within ±10% . Average standard 
deviation of arsenic concentration in the SDA filtered samples was 0.25 pg L 1 
(based on replicate analyses, GF-AAS).]
5.2.3 - Lower Rio Agrio sampling (LRA -1 & 2):
(Field data in Appendix A-4, pp. 218-219)
The lower river sites (LRA-1 & 2) w ere sampled sim ultaneously (1100 hours on 
18-Mar. to 1200 hours on 19-Mar-2004). The LRA-1 site was not m onitored in as much 
detail as the LRA-2 site. Only one m ulti-param eter meter was available for field work in 
Argentina, and it was used at LRA-2. Therefore, the only pH, tem perature and SC data 
for the LRA-1 site are two measurements m ade w hile surveying that site for use in the 
field study. Based on the two measurements the pH at LRA-1 w as -5 .3 . It is
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intermediate in pH to the SDA and LRA-2 sites and is similar in pH regime to the F2 site 
at Fisher Creek (described in chapter 4). The discharge measured at LRA-2 was 0.50 m 3 
s"1 (17.5 cfs) and did not change during the field work. This is less than half the flow at 
SDA which is about 15 km upstream from the LRA-2 site. The river is confined in a 
canyon in the Salto del Agrio area, but after leaving the canyon it flows into open pam pas 
where there are several large irrigation withdrawals in this reach. There are no major 
tributaries upstream o f the LRA sampling sites after the Trolope enters above Salto del 
Agrio but there are numerous small groundwater seeps and irrigation returns along the 
banks o f  the lower Rio Agrio in the open pampas region. These return waters were 
higher in pH than the m ain river and may influence the chem istry o f  the Rio Agrio.
6.6
20
6.4
x
Q_
Cl
6.2
Temp
DO
1500100
03
CO
"S
PAR
1000o
T3<D>
o
toto
b
500
0400 10001600 22001000
Figure 5 .6: Site parameters at the lower Rio Agrio (LRA-2) site for 18-Mar 
to 19-Mar, 2004. a. Temperature (°C) and pH; b. dissolved oxygen (% sat) 
and PAR (gE m '2 s '1). DO data provided by M. Koschorreck & K. Wendt- 
Potthoff.
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The pH had a measured dhange o f 0.16 units and the temperature change w as 8.7 °C over 
the 24-h sampling period' (Fig. 5.6) at LRA-2. Dissolved oxygen increased to levels 
above 100% o f atmospheric saturation during the day and reached an overnight low o f 
approximately 80% (DO data provided by G erm an research group, M. Koschorreck & K. 
W endt-Potthoff, Univ. o f Madeburg). The dissolved oxygen and pH profiles are 
consistent with primary productivity o f the periphyton found in this part o f  the river.
5.2.3.1  -  Metals at LRA-1:
(ICP metals data in Appendix A-4, p. 224)
Figure 5.7 shows the concentrations o f  dissolved total iron, ferric iron and ferrous 
iron at the LRA 1 site.14 The average dissolved iron concentration at LRA-1 was 88 fold 
less than at SDA indicating that a significant am ount o f iron was removed between the 
two sites. Ferricrete benches and deposits are evident down long stretches o f  the Rio 
Agrio in the region between SDA and LRA-1. These ferricrete deposits are sands and 
gravels that are cemented together by a m atrix o f  iron and aluminum oxides. The LRA-1 
site shows evidence o f a Fe(III) to Fe(II) photoreduction cycle w ith a 5.2 fold increase in 
ferrous iron during the day over the nighttim e minimum at 0530 hours. The dissolved 
ferric iron shows the inverse relationship to ferrous iron; increasing at night.
14 Ferric iron at LRA-1 and LRA-2 was determined by subtracting Fe(II) measured onsite colorimetrically 
from total dissolved Fe measured by ICP (FA samples). The difference in general is small and 
consequently the ferric concentrations must be interpreted cautiously.
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Figure 5 .7: Total dissolved iron and Fe(II) and Fe(III) speciation at LRA-1. 
[Analytical uncertainty based on duplicate analyses for to ta l dissolved Fe is 
w ithin ±0.015. Fe(III) was calculated by subtracting Fe(II) determined 
colorimetrically from the total dissolved Fe determined by ICP. The uncertainty 
in the Fe(II) analysis is within ±0.01 mg L_1and the values reported are 
averages of three readings of each sample.]
5 .23 .2  -  Metals at LRA-2:
(ICP metals data in Appendix A-4, pp. 222-224)
Dissolved total iron at the LRA-2 site (Fig. 5.8a) shows a distinct diel pattern with
a minimum at -1700 hours and a maximum at -0 6 0 0  hours. Ferrous iron was the
dominant form o f dissolved iron averaging 85%  o f  the total dissolved iron over the 24-h
period (Fig. 5.8b). Fe(II) at LRA-2 shows the opposite pattern to that at the LRA-1 site
about 2 km upstream. The over-night increase in Fe(II) was also observed in 2002 at the
Fisher Creek, F3 site (Gammons et al., 2005a). The possible causes o f  this Fe(II) cycle at
LRA-2 are:
1. Sorption o f  Fe2+ ions to metal oxide and biological surfaces, producing a cation 
diel cycle similar to that observed in F isher Creek for Cu(II) and Zn(II) (Chapter
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4). Adsorption enthalpies measured for cations to metal oxide surfaces are 
endothermic, indicating that adsorption should increase during higher daytime 
temperatures (discussed in Chapter 4).
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Fig. 5.8: a. Dissolved total Fe and particulate Fe at LRA-2. b. Dissolved 
Fe(II) and Fe(III) at LRA-2. c. Dissolved and particulate Al at LRA-2. 
[Particulate concentrations determined by subtracting filtered 
concentration from total concentration. Analytical uncertainty based on 
duplicate analyses was within ±0.01 and ±0.02 for tota l dissolved Fe and 
Al, respectively. Fe(III) was calculated by subtracting Fe(II) determined 
colorimetrically from the total dissolved Fe determined by ICP. The 
precision of the Fe(II) analysis is w ithin ±0.01 mg L-1and the values 
reported are averages of three readings of each sample.]
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3. Night-time microbial reduction o f ferric oxides in biofilm  surfaces released Fe(II) 
as discussed in Chapter 3 (Clark Fork River). The stream surfaces and cobbles 
were notably covered with biofilms in the LRA-1 and 2 reaches. The pFI regime 
o f  the LRA-1 to 2 reach was -2  units more acidic than was observed in the CFR. 
(further discussed in section 5.2.4).
In fact, the actual processes leading to the increase in ferrous iron concentration at night 
may be a combination o f  these mechanisms. Further work is needed to better understand 
the iron behavior in this near neutral region.
The dissolved Fe(III) concentration at LRA-2 was relatively constant during the 
sampling period suggesting that ferric hydroxide solubility was controlling its 
concentration and Fe(III) was not able to accumulate in the water. D issolved Al at LRA- 
2 also shows a diel concentration pattern (Fig. 5.8c) that is well correlated w ith dissolved 
Fe-total (R =0.89). The diel concentration pattern for dissolved Al observed at LRA-2 is 
distinctively different from that found at F isher Creek-F3 (Fig. 4.6). A t F3, Al in 2003 
showed a very weak diel cycle with a m axim um  at -1900 hours w hile at LRA-2 the 
minimum concentration was at -1700  hours. The dissolved Al concentration at LRA-2 is 
about 26-fold higher than Fisher Creek-F3. The average pH values during the field 
experiments were 6.3 and 6.9 at LRA-2 and F3 respectively. The difference in Al 
concentration between LRA-2 and F3 m ay be a result o f Al precipitation due to the 
higher pH. Additionally, it may be possible that an inorganic or organic ligand is 
maintaining the Al concentration at a higher level at LRA-2 than at F3.
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Trace metals that showed diel concentration patterns at Fisher Creek F3 site (i.e. 
Cu, Zn and Mn) were either near or below detection (Zn and Cu) at LRA-2 or showed no 
diel pattern (Mn).
The behavior o f  the ferrous to ferric ratio at both the SDA and LRA-1 sites 
follows the same pattern (Fig. 5.9) although the magnitude o f  the ratio at LRA-1 was 
larger since the relative concentration o f Fe(III) at the SDA was higher at the more acidic 
pH. The Fe II/III ratio at LRA-2 slowly increased overnight due to the rise in the 
concentration o f  dissolved Fe(II) as discussed above.
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Figure 5 .9: The ratio of the concentration o f dissolved Fe(II) to Fe(III) at 
all three sampling sites is shown.
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5.2.3.3 -  Between site changes in Fe an d  Al:
In order to further examine the Fe behavior in the LRA-1 to -2 reach a temporal
com parison o f the Fe concentrations betw een these sites was performed. The average 
dissolved Fe concentration at LRA-1 was 1.6 tim es higher than at LRA-2. A tracer 
injection was not performed in Argentina to  determine the w ater travel time between the 
lower river sites. Therefore, in order to determ ine the travel time, the river distance 
between sites was estimated at 2.2 to 2.5 Ion based on walking the river and driving the 
road parallel to the river. The average flow w eighted river velocity at LRA-2 was 0.30 m 
s '1 determined from discharge measurements m ade during the sampling. Assuming the 
flow was similar between the two sites the w ater travel time is approximately 2 to 2.5 
hours15. By taking the difference in dissolved Fe concentration between LRA-1 and -2, 
divided by the Fe concentration at LRA-1 and adjusting for the travel time (assumed to 
be 2.25 h), the fraction o f dissolved Fe rem oved between LRA-1 and 2 can be calculated. 
This analysis shows that during the time period from 1445 hours to 1700 hours the 
maximum change in dissolved Fe concentration occurred between these sites (Fig. 5.10). 
This diel change in Fe removal is similar to the pattern observed at Fisher Creek (section 
4.2.3) between the F2 and F2.5 sites. The im plications o f  this Fe precipitation will be 
discussed further in the REE section following (5.2.4).
15 This is an estimate based on available data. Consequently, the travel and iron removal times calculated 
are approximations to what was happening in the river.
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Fig. 5 .1 0 : The fraction of dissolved Fe removed between the LRA-1 and 
LRA-2 sites. This assumes water travel tim e of ~2.25 hours.
The change in Fe and Al mass load betw een the SDA and LRA-2 sites can
provide an indication o f the total amount o f  these metals that is rem oved from the river
system between the two sites. This can be exam ined by calculating the decrease in the
mass load o f iron and aluminum between SD A  and LRA-2 (Figs. 5.11a and 5.1 lb).
1 1The difference in mass load between the sites was about 860 kg da' and 920 kg da' for 
Fe and Al, respectively. An undetermined am ount o f  water is rem oved for irrigation 
between SDA and LRA-2 so that the actual m ass o f  Fe and Al lost to precipitation can 
not be calculated. However, the pronounced ferricrete features along the lower river are 
evidence o f  substantial iron and aluminum oxides being deposited to the stream bed.
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Figure 5 .11: a. Mass load of iron (mg s"1) at SDA and LRA-2. b. Mass load 
of aluminum (mg s '1) at SDA and LRA-2. [Uncertainty in the mass load 
calculations is assumed to be within ± 1 0 % .]
5.2.4 - Rare Earth Elements at LRA-2:
(ICP data in Appendix A-4, p. 225)
Analysis for rare earth element (REE) concentrations was com pleted on a subset
o f  the LRA-2 samples. The REE concentrations are low w hich com plicates the
interpretation o f  the results but they do show consistent diel concentration patterns and
are similar to the range o f  concentrations observed by Gammons et al., (2005b) for REEs
in Fisher Creek. Figure 5.12a illustrates the diel concentration changes for the dissolved
(<0.2 (am) and particulate forms o f Ce and Figure 5.12b displays the same data for Dy.
These two elements were chosen as representative o f  the diel behavior exhibited by the
REEs.
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Figure 5 .1 2 : a. Total and particulate Ce during the diel sampling at LRA-2. b. 
Total and particulate Dy during the diel sampling at LRA-2. [Particulate 
concentrations determined by subtracting filtered concentration from total 
concentration. Analytical uncertainty based on duplicate analyses was within 
±0.02 and ±0.005 for total dissolved Ce and Dy, respectively.]
The REEs all show similar patterns with concentration m inim a at -1 7 0 0  hours and 
maxima at -0700  hours. The concentration o f  the particulate form o f the REEs was 
lower than the dissolved form and relatively constant over the 24-h period. The ratio o f 
minimum to maximum concentrations (Cmax/Cmjn) in dissolved REEs showed a general
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trend across the row with HREE>M REE>LREE16 (1.98 to 1.33, Fig. 5.13). A  noticeable 
anomaly occurs at Gd with a smaller deviation in the trend at Lu. These small variations 
may be related to differences in behavior o f  Gd3+ and Lu3+ ions due to the stability o f  the 
half-full and completed 4 / electron sub-shells. The range o f  diel REE concentration 
changes in Rio Agrio is smaller than found in Fisher Creek (Cmax/Cmin , 2.9 (La) to 9.4 
(Eu)) at the F3 monitoring station by Gammons et al., 2005b).
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Fig. 5 .1 3 : The ratio of the m inimum  to maximum diel change in in 
the concentration of dissolved REEs at the LRA-2 site of the Rio 
Agrio.
Geochemical modeling by Gammons et al., (2005b) for REEs studied at the F3 (near­
neutral) site o f Fisher Creek indicated that the lanthanides were present as cationic 
species with the dominant forms being Ln3+, LnC 0 3 + and LnSC>4+; with a smaller fraction
16 This notation follows Sholkovitz (1995). Light REE (LREE) & Ce; Middle REE (MREE) ^Nd to Gd; 
Heavy REE (HREE) =Dy to Lu.
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2+ , .
present as LnOH . Speciation modeling w as not performed for the Rio A gno samples;
how ever it is probable that the REE speciation is similar to that found in Fisher Creek.
The diel behavior o f dissolved R E E s observed at LRA-2 (Fig. 5.12) m ay be 
explained by at least three mechanisms: 1) th e  REE concentration changes were 
influenced by daytime adsorption and night-tim e desorption interactions w ith metal oxide 
and organic surfaces (discussed in section 4.2.3, Gammons et al., 2005b; W ood et al.„ in 
press); 2) upstream adsorption and/or co-precipitation with HFO and HAO undergoing 
diel changes in precipitation rates followed by advection o f  the attenuated REE 
concentration downstream (similar to Cu in  Fisher Creek, section 4.2.3); and 3) diel 
changes in biofilm redox conditions w ith Fe-oxides being sequestered during the day that 
sorb REEs following by night-time reduction o f  the Fe-oxides and release o f  the REEs 
(similar to Mn and Zn in the Clark Fork R iver, section 3.3.3).
The first proposed mechanism (adsorption/desoprtion) can be exam ined by 
looking at the ratio o f particulate to dissolved REE at 1500 versus 0300 hours (Fig. 5.14). 
The daytime (1500-h) fraction is consistently greater than the 0300-h fraction. The 
portion o f  REEs in particles shows a general trend across the row 
(HREE>MREE>LREE) which was also observed by Verplanck et al., (2004) and 
Gammons et al., (2005b). However, the diel concentration o f  each individual REE in 
particles was relatively constant and lower than the concentration in the dissolved form 
(Fig. 5.12). Consequently, if  adsorption and desorption reactions were taking place, 
either the particles were settling out o f  the w ater column rapidly or the sorption process 
took place with benthic surfaces (W ood et al., in press). In Fisher Creek, at the F3 site, 
the concentration o f REEs in particles showed the inverse temporal pattern to that o f  the
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dissolved phase (Gammons et al., 2005b) w hich is consistent w ith adsorption/desorption 
reactions with suspended particles. However, this inverse particle to dissolved 
concentration relationship was not observed in the Rio Agrio.
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Ijj 0 2 
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REE
Figure 5 .14 : Comparison of the fraction of REE in the particulate phase at 
LRA-2 between 1500 hours and 0300 hours. All the REEs show a larger 
fraction in the particulate phase during the afternoon.
The second proposed mechanism is sim ilar to the process described for Fisher 
Creek (Chap. 4, section 4.2.3) that produces the Cu diel cycle observed at the F3 site. 
Diel changes in the rate o f  HFO formation in  the reach from LRA-1 to -2 (Fig. 5.10) 
coupled with adsorption or co-precipitation o f  REEs would produce a diel change in 
concentration. The attenuated REE concentration would then be advected downstream 
producing a concentration cycle at LRA-2. The minimum in REE concentration at 
LRA-2 occurred at 1700 hours which is consistent time-wise with the peak removal o f 
iron in the upstream reach (1445 to 1700 h, Fig. 5.10). The m axim um  REE 
concentrations at LRA-2 occurred at 0700 hours while the m inim um  in Fe removal 
between sites happened in the time period from 0545 to 0800 hours. A large gap exists in
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the night-time data such that the time determ ination is less precise. However, the diel 
REE cycle observed at LRA-2 is consistent w ith  the timing and extent o f  upstream HFO 
formation.
The third mechanism proposes that daytim e oxic environm ents in biofilms caused 
oxidation o f  ferrous iron, forming ferric oxides at the benthic surfaces w hich m ay have 
scavenged REEs from solution. Conversely, night-time anoxic conditions created a 
reducing environment that released both Fe(II) and sorbed REEs back to the water 
column (as discussed for CFR, Chap. 3, section 3.3.3). This is supported by the fact that 
there were obvious algal mats and biofilms on  sediments and river cobbles along the 
entire length o f the lower Rio Agrio. Additionally there was an increase in dissolved 
Fe(II) at the LRA-2 site overnight (Fig. 5.8) w hich may be due to ferrous iron advected 
downstream since the rate o f oxidation and H FO  precipitation was lower at night in the 
upstream reach (Fig. 5.10). The average pH  at LRA-2 was 6.3 such that the rate o f  re­
oxidation o f  Fe(II) was slower than that o f  the Clark Fork River (pH 7.9 to 8.6, Chap. 3, 
Fig. 3.2) and dissolved Fe(II) was able to accumulate in the w ater column at night. A diel 
cycle in Mn was not observed at LRA-2 as w as found in the Clark Fork (Chap. 3, Fig. 
3.4). In three different ARD derived waters M n has been shown to rem ain m ostly in the 
dissolved form until pH 6.5 to 8 (Lee et al., 2002) suggesting that a diel M n cycle might 
not be expected at LRA-2. A Zn diel cycle w as also not observed at LRA-2. The Zn 
concentrations were at or just above the PQ L and the syringe filters used in Argentina are 
know to have a low level Zn contamination problem  (pers. observation).
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B oth mechanisms two and three are consistent with field data derived from the 
Rio Agrio study. Each o f  the mechanisms m ay  influence the diel REE cycle observed but 
further study is needed to better interpret these data.
5.3 - Conclusions:
An important implication o f  these resu lts is the strong correlation between the 
geochemical properties o f  the Rio Agrio system , which derives its acidic, metals-loaded 
waters from geogenic sources, to that o f  F isher Creek that receives acidic, metals-loaded 
water from ARD. Ferrous to ferric photoreduction has been dem onstrated at the SDA 
and LRA-1 sampling sites that strongly parallels the iron behavior found at the Fisher 
Creek FI and F2 sites (Gammons et al.„ 2005a; Parker et al., (in review); chap. 4, this 
manuscript).
A  significant difference between the R io Agrio sites and those o f  Fisher Creek is 
the lower concentration o f  toxic trace m etals (e.g. Cu and Zn) in the Argentinean system. 
Diel concentration cycles o f trace metals (i.e. Cu, Zn, Mn) were not observed at LRA-2 
in the Rio Agrio. The lower Rio Agrio contains readily observable amounts o f algae and 
biofilms while Fisher Creek does not have a  visually apparent biotic component. This 
difference in the amount o f biota may be due in part to the lower concentrations o f  toxic 
trace elements in Rio Agrio than Fisher Creek and may also be due to higher runoff flows 
during snow melt in Fisher Creek vs. Rio A grio that “scour” the channel. No 
comparative data for this latter point is currently available.
An important component o f the Rio. Agrio system is the presence o f a diel 
concentration cycle in As at the SDA site (Fig. 5.5). It has been postulated that an anion 
cycle was possible at Fisher Creek for either arsenate or phosphate but they were not
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observed due to concentrations below detection limits. The cycle o f  As at SDA is well 
correlated with dissolved iron concentration; both As and Fe increasing in solution at 
night. It was shown that particulate Fe concentrations increased during the day (Fig. 5.3) 
and these freshly precipitated HFO at pH -3 .2  (SDA) should be positively charged and 
would strongly sorb anionic species.
The REEs in the LRA-2 samples showed diel concentration cycles and 
fractionation o f HREEs that is similar to that found at Fisher Creek (Gammons et al.„ 
2005b). This potentially complicates the use o f  REEs as geochemical tracers since the 
concentrations can change between 36 and 98%  over a 24-h period. Researchers using 
REE concentrations must take time-of-day into account w hen sampling. The temporal 
changes in REE concentration appear to be linked to upstream diel changes in 
precipitation o f HFO as well as being influenced by redox reactions in bio films.
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Chapter 6: Summary and further work:
6.1 -  Summary:
Reproducible diel concentration cycles o f m etals and stable isotopes have been 
demonstrated in several river systems. A sum m ary o f the diel cycles discussed in 
chapters 2-5 from the four rivers systems (a  total o f  nine sampling sites) and six different 
diel samplings is included in Table 6.1.
Notable diel cycles observed are as follow s:
1. Stable isotope diel cycles o f 5180 -D O  were demonstrated to occur in two separate 
months in the Big Hole River, MT. These isotope cycles are linked to the daily 
changes in the dominance o f photosynthesis and respiration, as well as gas- 
exchange with the atmosphere. This is a eutrophic (nutrient rich) surface water 
system, exhibiting relatively high levels o f biological productivity.
2. Stable isotope diel cycles o f 8 13C-DIC were shown to occur in two different rivers 
systems (BHR and CFR). As described above, the carbon isotope changes are 
caused by daily variations in photosynthesis, respiration, gas-exchange, and in the 
case o f DIC, carbonate mineral precipitation/dissolution. Both o f  these rivers are 
eutrophic.
3. The study on the Clark Fork River showed that dissolved M n and Zn as well as 
particulate Mn, Zn, Fe, Al and Cu underw ent diel concentration fluctuations 
consistent with previously reported results in the Clark Fork River, MT.
1 3 0
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4. Dissolved Fe [total, Fe(II) and Fe(III)] were shown to have similar concentration 
cycles at the F2 (pH ~ 5) site on Fisher Creek in two separate years. Additionally, 
at the near-neutral (F3) site at Fisher Creek, Cu and Zn were observed to have 
significant concentration cycles in both 2002 and 2003.
5. Similar concentration cycles o f  iron (total dissolved Fe, Fe(II) and Fe(III)) were 
observed in the acidic reaches (SDA) o f the Rio Agrio to those reported for Fisher 
Creek.
6. Rare earth elements were shown to undergo diel concentration cycles in the 
circum-neutral area of the Rio Agrio similar to that previously reported for Fisher 
Creek.
i q  n
The stable isotope cycles o f 8 O-DO and 8 C-DIC were shown to be fundamentally 
controlled by the net productivity (balance o f  photosynthesis and respiration) o f the 
aquatic ecosystem.
Additionally, the rate o f change in 18C>2 (d[18C>2]/dt) was modeled using the appropriate 
oxygen isotope fractionation factors and yielded results that support the effect o f 
photosynthesis, respiration and gas-exchange on the diel cycle o f  8 lsO-DO observed.
The relationship o f the S180 -D 0  and 8 13C-DIC indicate that the isotope changes 
influenced by photosynthesis and respiration occurred at different rates, producing a 
closed isotopic loop over the 24-h period.
An im portant aspect o f  the results from the CFR study is the fact that temporal and spatial 
differences were observed for a variety o f chemical species over a relatively short reach 
o f river.
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For exam ple, the molar nitrate to phosphate ratio at the AS 1 site was significantly lower 
than at the AS2 site. This is consistent w ith  a higher level o f  biological productivity 
downstream as indicated by higher pCC>2 levels at night and higher O2 concentration 
during the day at AS2.
Particulate forms o f M n and Zn showed 24-h cyclic changes at AS1 but not at AS2. The 
night-time increase in both dissolved and particulate M n and Zn at AS1 is not consistent 
with adsorption/desorption processes as the prim ary concentration control. A more likely 
explanation for the concentration cycles o f  dissolved M n and Zn; and the particulate 
forms o f  Mn, Zn, Fe, Al and Cu may be the day-to-night differences in redox conditions 
across the epilithic biofilm surfaces. The redox cycling o f  M n and Fe (with associated 
trace elements) in alkaline river systems w ith  established biological communities may 
also be an important control mechanism in other streams and needs to be further 
investigated.
Diel concentration cycles o f arsenic were show n to occur at both AS1 and AS2. The out 
o f phase timing o f the As peaks between the two sites suggests the source may have been 
upstream from the study site. The m axim um  concentration o f  arsenic measured was -1 8  
ppb. This further emphasizes the im portance o f  understanding diel concentration cycles 
when monitoring toxic river contaminants.
The diel cycle in 813C-DIC was linked to the effects o f photosynthesis, respiration and 
gas-exchange on the dissolved inorganic carbon pool. This 24-h fluctuation in 513C-DIC
13was also observed in the BHR. However, the C cycle at the two CFR sites showed 
substantial differences due to the variation in productivity o f  the river in the two sampling 
locations.
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Fisher Creek: It was demonstrated in this study that diel cycles o f contaminants o f 
concern [Cu(II) and Zn(II)] in the near-neutral (F3) region were produced by temporal 
changes in the quantities o f these metals being  transported downstream.
The rate o f  precipitation o f HFO changed substantially over the 24-h period in the 
upstream reach (F2 to F2.5). This change in  the HFO precipitation rate coupled with 
sorption or co-precipitation o f Cu and Zn produced downstream, cyclic concentration 
changes. Extractions o f suspended sedim ents collected in the F3 reach contained 
significantly higher concentrations o f Cu than  similar sediments from the F2 site. This is 
consistent w ith the removal o f dissolved C u by sorption to freshly formed particles 
upstream. The increased removal o f Cu during the late afternoon in the F2 to F2.5 reach 
results in a lower concentration “pulse” being  advected downstream and appearing at F3 
as a concentration minimum.
Titration experiments with FI water support the field observation that Fe removal 
between F2 and F2.5 increased during the afternoon w anner temperatures. The rate o f  
colloid formation and ferrous iron oxidation w ould have increased with w arm er stream 
temperature. This results in a larger quantity  o f  freshly formed HFO in the early 
afternoon and a decrease in dissolved Fe dow nstream  at F3.
Laboratory experiments with F3 sediments indicated that once Cu and Zn had sorbed to 
the particulate material (long term equilibration) the process was irreversible with respect 
to further temperature changes.
Distribution coefficients calculated for Cu showed a strong diel pattern while those o f Zn 
did not. This indicated that the sorption o f C u to the suspended particles is stronger with 
warmer stream temperature. Additionally, Zn did not sorb to the same extent with
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sedim ent from the F3 site as Cu did. These results suggest that a different mechanism 
may be responsible (at least in part) for the Z n  diel cycle than for Cu.
Observations recorded for the Rio Agrio w hich receives acidic, metals loaded water from 
geogenic sources showed a strong correlation with the geochemical properties o f  Fisher 
Creek that gets acidic water from ARD.
Ferric to ferrous photoreduction has been demonstrated at the SDA and LRA-1 sampling 
sites which strongly parallels the iron behavior found at Fisher Creek and other streams in 
the Rocky Mountain West receiving ARD.
The REEs analyzed in the near-neutral reaches o f  the Rio Agrio exhibited a variation 
with temperature in the amount o f  REE that associated with suspended particle phases. A 
fractionation across the lanthanide series was shown with the HREEs partitioning into the 
suspended sediments more strongly than the LREEs.
6.2 -  Overall control of diel processes:
Table 6.2 summarizes diel processes by pH  regim e and generalizes as to what is 
occurring in these regions. Additionally, this table proposes questions that still need to be 
answered with respect to each o f  these areas.
1. In “healthy” river systems (pH>7) w ith low dissolved m etals concentrations, 
biological processes have the largest im pact on dissolved chemical species 
concentrations (Table 6.2). For example, in the Big H ole R iver the relative 
contributions o f photosynthesis and respiration were able to “drive” the 5lsO-DO 
past atmospheric equilibrium indicating that these biological processes were able 
to affect concentrations to a greater extent than the physical process o f  gas-
13exchange. Also in the BHR and CFR, the § C-DIC w as shown to change in
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1 T
response to changes in the rates o f photosynthesis and respiration. The 5 C-DIC 
remained well below values expected for atmospheric equilibrium  which indicates 
that biogenic contributions o f  carbon (and possibly ground w ater inputs) had a 
greater impact on DIC than atmospheric exchange. D iel changes in Mn and Zn 
concentrations in the CFR were attributable to the changing effects o f  
photosynthesis and respiration in benthic surfaces. The levels o f  0 2 and pH 
mediated by biological processes caused redox conditions to change which 
alternately oxidized and reduced M n and Fe.
2. In river systems containing relatively high dissolved m etals concentrations 
(principally [Fe]>0.05 mg L '1 and to a lesser extent A l and M n; pH<5) the 
precipitation o f  these major elements controls trace elem ent concentrations (Table 
6.2). In Fisher Creek the Cu concentrations at F3 were controlled by precipitation 
o f  HFO in the F2 to F2.5 reach. REE concentrations at the LRA-2 site on the Rio 
Agrio were controlled by upstream precipitation o f  Fe.
3. In river systems with both high metals concentrations and obvious biological 
activity the abiotic precipitation o f m etals w ill dominate until they are largely 
removed from solution. In the Rio Agrio at the SDA site the chemistry is 
determined by the high iron concentrations and low pH. B y the time the water 
reaches the LRA-2 site most o f  the Fe has been rem oved and the pH is about 6.3. 
In this reach the night-time increase in Fe(II) may be attributable to reducing 
conditions in biofilms caused by respiration.
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T able 6 .2 : Mechanisms responsible fo r riverine diel cycles based on pH 
regime.
pH regime Important process/mechanism*
3 - 4
•Fe(lll) photoreduction (are metastable species present: OH-, H20 2?)
•HFO precipitation (need to quantify the relative degree of trace element 
scavenging in various pH regimes)
5 - 6
•Diei Fe colloid precipitation and scavenging of trace elements (need to show  
changes in trace metals in particles & changes colloid formation quantities)
•Adsorption irreversible (need to investigate the short term vs. long term 
kinetics)
•REEs (what is the basis of fractionation across lanthanides?)
>7
•Photosynthesis & respiration influence 0 2 & DIC isotopes (need to quantify C & 
0  mass balance & rates of P & R; to what extent does this occur in acidic 
systems such as SDA, LRA-1 and -2 sites?)
•Redox in biofilms, (need to measure fluxes of 0 2 & metals from biofilms; could 
identify microbial species present)
•Calcite precipitation (are carbonates precipitating to plant or benthic surfaces 
and are trace elements sorbing to the carbonates?)
* Need for further study and analysis in parenthesis.
6.3 - Further Work:
1. Subsequent studies o f 5180 -D 0  and 813C-DIC need to investigate the effect o f the 
trophic state on the behavior o f these stable isotope processes. The above 
reported work examined these cycles in two eutrophic river systems (BHR and 
CFR). Rivers and lakes with lower nutrient loads m ay show inherent differences 
in the 8 lsO-DO and 813C-DIC cycles. Investigations o f  this type should yield 
valuable insight into the connection betw een productivity and the stable isotope 
changes.
IS 1 ^
2. Seasonal changes in 8 O-DO and 8 C-DIC need to be investigated.
Temperature, day-length, solar insolation and ice-cover should have an impact on 
the degree to which photosynthesis, respiration and gas-exchange effect the 
isotope composition o f surface w aters. Are the daily variations greater than the
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seasonal variations? It m ay be possible to use the R:P type calculation on a 
seasonal scale if  the O2 and isotope com position changes are relatively small such 
that the steady state approximation is  reasonably valid.
3. The method reported in this study for determining the aeration coefficient (G/Z, 
chapter 2) needs to be verified by an independent technique such as a tracer gas 
injection. Other workers have used volatile, inert tracer gases (e.g. sulfur 
hexafluoride, propane) in combination with a non-volatile, conservative tracer 
injection (e.g. chloride, rhodamine) to  determine gas transfer rates as well as the 
flow dynamics o f the stream.
4. An examination o f the DO and trace elem ent changes at biofilm  surfaces in 
alkaline streams that show diel changes in Mn, Fe and other chemical species is 
needed to better quantify the processes causing these changes (chapter 3). I f  redox 
micro-environments at the biofilms surfaces are responsible for the M n and Zn 
cycles observed in the CFR, then micro-sampling, oxygen m onitoring and isotope 
sampling at the surfaces should yield insight into these processes.
5. Continued study is needed to distinguish the sources o f  arsenic observed in the 
CFR and to better characterize the processes causing the diel concentration changes 
in As. Preliminary investigations have shown that significant arsenic originates 
from the Warm Springs Ponds and M ill-W illow by-pass upstream from the CFR 
sampling site. It is also possible that other sources o f  As to the river exists between 
the Warm Springs Ponds and Deer Lodge, MT.
6. The results o f the Fisher Creek study indicate that the diel concentration cycles o f 
Cu and Zn observed in the near-neutral (F3) reach are produced by upstream
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changes in precipitation o f  HFO linked to sorption or co-precipitation o f  Cu and 
Zn. Additional studies are needed to determ ine the amount o f  attenuation and 
modification o f the concentration changes occurring in the F2.5 to F3 reach.
7. The mechanisms influencing the Zn concentration cycles at F3 need to be further 
investigated. W hat is the contribution o f  Zn from groundwater or surface water 
inflow? Is there enough o f  a change in  Zn contribution from these sources to 
produce the diel cycle?
8. The low trace element concentrations in the Rio Agrio at SDA and LRA compared 
to the Fisher Creek sites (F2 and F3) need to be further investigated. Is this process 
simply due to the greater distances betw een sites at R. Agrio and consequently 
more interaction with attenuating sedim ents and biofilms? Or, does the greater 
presence o f periphyton and biofilms in  R. Agrio vs. Fisher Creek play a significant 
role in trace elements removal?
9. The geomicrobiology of these systems needs to be investigated in detail. Many 
researchers are beginning to use new, powerful surface analytical techniques (e.g. 
EXAFS, XANES, AFM, non-traditional isotope fractionation, cryo-thin section 
and SEM etc) to examine the surface processes and interactions between microbes 
and minerals. Results o f these types o f  investigations needs to be combined with 
field and laboratory experimentation to begin to shed light on the processes taking 
place at the molecular level and biofilm  surfaces that produce the concentration 
fluctuations observed in rivers and streams.
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Supplementary data for Big Hole River- Chapter 2
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Big Hole River Troll 9000  data record and P(net) c a lc u la t io n s  
21-Aug-04
D issolved  o x y g en  isotope trial run
DB1 sam plling  s i te  u se d  Aug. 10-11, 2004  G /Z (h -1 ) »  0.5774
In-Situ Inc. Troll 9000 Pro XP
D ate/tim e
T
C els iu s
Depth
cm
Baro. 
mm  Hg
SC
uS/cm % DO
uM [0 2 s -0 2 w ] [ uM/h
[0 2 ]sa t [0 2 ]w [0 2 s -0 2 w ] Avg d [0 2 ]/d t P-R
8/20 /04  18 00 2 0 .7 8 18.458 619 .7 146 .0 127.8 2.24E + 02 2 .8 6 E + 0 2 -6.2E+01
B/20/04 1 30 2 0 .6 5 17.943 6 19 .5 145.8 126.1 2.23E + 02 2 .8 2 E + 0 2 -5.8E+01 -6.0E+01 -8 .1E + 00 2.7E+01
6 /20/04  1 00 2 0 .6 9 17.569 619 .4 146.2 121.2 2.24E + 02 2 .7 1 E + 0 2 -4.8E+01 -5.3E+01 -2.0E+01 1.0E*01
8 /20 /04  1 30 2 0 .5 9 17.281 619.3 147.0 117.3 2.24E + 02 2 .6 3 E + 0 2 -3.9E+01 -4.3E+01 •1.7E+01 8.2E +00
6 /20 /04  2 00 2 0  34 17.022 619.2 147.5 112.0 2.25E + 02 2 .5 3 E + 0 2 -2.7E+01 •3.3E+01 •2.1E+01 -2 .0E *00
8 /20 /04  2 30 2 0  02 16.779 619.2 148.1 106.3 2.27E +02 2 4 1 E + 0 2 -1.4E+01 -2.1E+01 -2.3E+01 -1.1E+01
8 /20 /04  2 00 19.62 16.445 619 .3 148.3 100.4 2.29E + 02 2 .3 0 E + 0 2 -8.9E-01 -7.6E +00 -2.3E+01 -1.9E+01
a /20 /04  2 30 19 .23 16.267 619 .4 148 .5 95.4 2.31E +02 2 .2 0 E + 0 2 1.0E+01 4.8E + 00 -1.9E +01 -2.2E+01
8 /20 /04  2 00 18.64 16.038 619 .6 148.5 91.6 2.32E + 02 2 .13E + 02 1.9E+01 1.5E+01 -1.4E +01 -2.3E+01
8 /20 /04  2 30 18 .47 15.788 619 .7 148.5 68 .8 2.34E + 02 2 0 8 E + 0 2 2.6E+01 2.3E+01 -1.0E +01 -2.3E+01
8 /20 /04  2 00 18.15 15.544 619.7 148.4 86.4 2.36E + 02 2 .0 3 E + 0 2 3.2E+-01 2.9E+01 -8 .8E + 00 -2.6E+01
8 /20 /04  2 30 17.85 15.277 619 .7 148.3 84.6 2.37E + 02 2 .0 1 E + 0 2 3.6E+01 3.4E+01 -5  6 E * 0 0 -2.5E+01
8 /21 /04  0 00 17 .55 14.934 619.6 148.3 83.2 2.39E + 02 1 .9 8 E + 0 2 4.0E +01 3.8E+01 -4 .4E + 00 -2.7E+01
8 /21 /04  0 0 17 .2 14.586 619.6 148.5 82.1 2.40E + 02 1 .97E + 02 4.3E + 01 4.2E+01 -2 .3E *00 -2.6E+01
8 /21 /04  1 00 1 6 9 14.269 619 .7 148.5 01.6 2 4 2 E * 0 2 1 .97E + 02 4.4E *01 4.4E »01 1.8E-01 -2 5E+01
8 /21 /04  1 0 16 .58 13.974 619.6 148.6 81 .0 2.43E + 02 1 .97E + 02 4.6E +01 4.5E+01 -3.4E-01 -2.7E+01
8 /21 /04  2 00 16 .24 13.752 619 .6 148 .8 80 .5 2 .45E + 02 1 .9 7 E + 0 2 4.8E *01 4.7E+01 2.1E -01 -2.7E*01
a/21 /04  2 0 15.98 13.542 6 1 9 5 149.1 80 .9 2.47E + 02 1 .99E + 02 4.7E + 01 4.8E+01 4 .1E + 00 -2 3E+01
8/21 /04  3 00 15.71 13.381 619 .5 149.4 80.7 2.48E + 02 2 .0 0 E + 0 2 4.8E +01 4.8E *01 1.6E + 00 -2.8E+01
8/21 /04  3 0 15.43 13.293 619 .5 149.8 81.0 2 .49E *02 2 .0 2 E + 0 2 4.7E + 01 4.8E+01 3 .8E + 00 -2.4E+01
8/21 /04  4 00 15.21 13.262 619 .4 150.0 81 4 2 .51E *02 2 .0 4 E + 0 2 4.7E +01 4.7E+01 4 .2E + 00 -2.3E+01
8/21 /04  4 0 14.94 13.428 619.4 150.5 81.2 2.52E + 02 2.Q 5E +02 4.7E +01 4.7E+01 9.7E-01 -2.6E+01
8/21 /04  5 00 14 .69 13.871 619.3 150.8 81.9 2.54E + 02 2 .0 8 E + 0 2 4.6E+01 4.7E+01 6.0E+0Q -2.1E+01
8 /21 /04  5 0 14.46 14.794 619 .3 151.2 82 5 2.55E + 02 2 .1 0 E + 0 2 4.5E +01 4.5E+01 4 .9E + 00 -2.1E+01
8 /21 /04  6 00 14.26 15.57 619 .2 151 .9 83 0 2.56E +02 2 .1 2 E + 0 2 4.4E +01 4.4E+01 4 .4E + 00 -2.1E+01
8 /21/04  6 0 14.02 15.815 619.2 152.7 83.0 2 .57E *02 2 .1 4 E + 0 2 4.4E +01 4.4E+01 2 .5E + 00 -2.3E+01
8 /21 /04  7 00 13.82 15.887 619.2 153.5 84.0 2.58E + 02 2 .1 7 E + 0 2 4.1E+Q1 4.3E+01 7 .2E + 00 -1.7E+01
8 /21/04  7 0 13.66 15.819 619.1 154.2 85 .7 2.59E +02 2 .2 2 E + 0 2 3.7E+01 3.9E+01 1.0E+01 -1 2E+01
8 /21/04  8 00 13.53 15.673 619 .2 154.7 88 .8 2.60E + 02 2.3 1 E + 0 2 2.9E+01 3.3E+01 1.7E+01 -1 .8E *00
8 /21 /04  8 0 13.39 15.529 619 .2 155.3 90 .8 2.61E + 02 2 .3 7 E + 0 2 2.4E+01 2.6E+01 1.2E*01 -3 .3E *00
8 /21/04  9 00 13.42 15.506 61&.9 155.6 96.4 2 .61E + 02 2 .5 1 E + 0 2 9 .4E *00 1.7E+01 2.9E +01 1.9E+01
8/21 /04  9 30 13.57 15.629 618 .7 156 .0 102.6 2.60E +02 2 6 7 E + 0 2 -6 7E +00 1.4E+00 3.0E+01 3.0E+01
8/21 /04  1 00 14.07 17.299 618 .6 156.6 110.6 2.57E + 02 2 .8 4 E + 0 2 -2.7E+01 -1.7E+01 3.5E+01 4.5E *01
8/21 /04  1 30 14.55 19.425 618 .2 157.3 116.7 2.54E+Q2 2 .9 7 E + 0 2 -4 2 E + 0 1 -3.5E+01 2.5E +01 4.5E+01
8 /21 /04  1 00 15.05 19.893 618.1 158.3 121.3 2.52E + 02 3 .05E + 02 -5.4E+01 -4.8E+01 1.7E+01 4.5E*01
8/21 /04  1 30 15.77 20 .112 517 .9 158.6 125.7 2 .48E *02 3 .11E + 02 -6.4E+01 -5.9E+01 1.3E+01 4.6E+01
8/21 /04  1 00 16.22 19.921 617 .6 158.3 128.6 2.45E +02 3 .15E + 02 -7.0E+01 -6.7E+01 7 .9E + 00 4.7E+01
8/21 /04  1 30 16.9 19.913 617 .5 157.1 132.7 2.42E + 02 3 21 E + 0 2 -7.9E+01 -7.5E+01 1.1E+01 5.4E+01
8 /21 /04  1 00 17.68 19.764 617 .3 155.8 137.3 2.38E +02 3.2 7 E + 0 2 -8 .9E+01 -8.4E+01 1.2E+01 6.0E>01
8 /21 /04  1 30 18.45 19.493 617 .0 154.5 140.2 2.34E +02 3.2 8 E + 0 2 -9.4E+01 •9.2E*01 3 .4E + 00 5.6E+01
8/21/04  14 00 18.83 19.346 616 .9 153.4 140.7 2 .32E +02 3 .2 7 E + 0 2 -9.5E+01 -9.4E*01 -2 .8E + 00 5.2E+01
8 /21 /04  14 30 19.05 18.954 616 .5 152.1 141.4 2.31E + 02 3 .27E + 02 -9.6E»01 -9.5E+01 6 .9E -02 5.5E+01
8/21 /04  15 00 19.19 18.995 61 6 .9 151.0 139.4 2.31E + 02 3 .2 1 E + 0 2 -9.1E+01 -9.3E+01 -1.1E+01 4.3E+01
8 /21/04  15 30 19.15 18.664 6 1 6 8 149.2 135.7 2.31E + 02 3 .13E + 02 -8.2E+01 -8.7E+01 -1.6E +01 3.4E+01
8/21/04  16 00 19.29 18.46 616 .6 147.9 1 3 4 2 2.30E + 02 3 .09E + 02 -7.9E+01 -8.1E+01 -8 .6E + 00 3.8E+01
8/21 /04  16 30 19.5 18.184 616 .6 146 .5 134 .8 2 29E +02 3 .09E + 02 -8.0E+01 -7.9E+01 •1.8E-01 4.6E+01
8/21 /04  1 00 19.46 17.829 616 .7 145.7 131 .0 2.29E + 02 3 .01E + 02 - 7 .1E+01 -7.5E+01 -1.7E +01 2.7E+01
8/21 /04  1 30 19.17 17.69 618 .0 144.8 121.9 2.31E +02 2.8 1 E + 0 2 -5.1E+01 -6.1E+01 -3 .8E *01 -3 .4E + 00
8/21 /04  1 00 18.92 17.43 617 .8 144.0 113 .0 2.32E +02 2.6 2 E + 0 2 -3.QE+01 -4.0E*01 -3.9E +01 -1 .5£*01
8/21 /04  1 30 18.75 17.281 616 .9 143.1 107.0 2.33E + 02 2.4 9 E + 0 2 -1.6E+01 -2.3E+01 -2 .6E *01 -1.2E+01
8/21 /04  1 00 ’ 18.64 16.989 617 .2 143.1 108.1 2.33E +02 2.5 2 E + 0 2 -1.9E+01 -1.8E+01 6 .0E + 00 1.6E*01
8/21 /04  1 30 1841 17.034 616 .9 143.4 106.6 2.34E + 02 2.5 0 E + 0 2 -1.6E+01 -1.7E+01 -4 .5E + 00 5.5E +00
a /2 1/04 2 00 18.12 16.843 617.1 143.6 103.9 2.36E +02 2 .45E + 02 •9 .3E + 00 -1.2E+01 -9 .8E + 00 -2.6E +00
8/21 /04  2 30 17.88 16.811 617 .7 144.2 9 9 3 2.37E +02 2 .35E + 02 1.7E + 00 -3.8E +00 -2.0E+01 -1.7E+01
8/21 /04  2 00 17.62 16.676 617 .2 144.3 95.7 2 38E +02 2 .2 8 E + 0 2 1.0E+01 6.0E + 00 -1.5E+01 -1.8E+01
8/21 /04  2 30 17.39 16.393 617 .3 145.1 92.5 2.39E + 02 2 .21E + 02 1.8E+01 1.4E+01 -1.3E+01 -2.1E+01
8/21 /04  2 00 17.14 16.134 617.3 145.6 89.7 2.41E + 02 2 .1 6 E + 0 2 2.5E +01 2.1E+01 -1.1E+01 -2.3E*01
8/21 /04  2 30 16.86 15.769 617.1 146.2 88.0 2.42E + 02 2 .13E + 02 2.9E +01 2.7E+01 -5 .6E + 00 -2.1E+01
8/21 /04  2 00 16.6 15.308 6 1 7 .0 146.7 86.4 2.43E + 02 2 .10E + 02 3.3E +01 3.1E+01 •5 .5E + 00 -2.3E+01
8/21 /04  2 30 16.35 14.922 6 1 7 .0 147.1 85 .5 2.45E +02 2 .09E + 02 3.6E +01 3.4E+01 -2 .3E + 00 -2.2E+01
8/22 /04  0 00 16.09 14.585 61 6 .8 147.6 84 .7 2.46E +02 2 .08E + 02 3 8E+01 3 .7E+01 -1 .6E + 00 -2.3E+01
8/22 /04  0 0 15.68 14.281 616 .7 1 4 8 2 84.1 2.47E + 02 2 .08E + 02 3.9E+01 3.8E+01 -9.1E-01 -2.3E+01
8/22 /04  1 00 15.7 14.131 616.6 148.7 83.7 2.48E + 02 2 .08E + 02 4.0E + 01 4.0E+01 -3.8E-01 -2.3E+01
8/22 /04  1 0 15.48 13.977 616.6 149.3 83 .5 2.49E + 02 2 .08E + 02 4.1E +01 4.1E+01 7.8E-01 -2.3E+01
8/22 /04  2 oo 15.29 13.85 616 .4 149.9 83.2 2.50E + 02 2 .0S E + 02 4.2E +01 4.2E+01 3.7E-01 -2.4E+01
8/22 /04  2 0 15.1 13.899 616 .3 150.6 83.3 2.51E +02 2 .0 9 E + 0 2 4.2E +01 4.2E+01 2 .3E + 00 -2.2E+01
8/22 /04  3 00 14.93 14.505 616.1 151.3 83.4 2.52E + 02 2 .10E + 02 4.2E +01 4.2E+01 1.6E + 00 -2.3E+01
8/22/04  3 0 14.79 15.866 616 .3 151.8 84.1 2.53E +02 2 .13E + 02 4.0E +01 4.1E+01 5 .2E + 00 -1.8E+01
8/22 /04  4 00 14.73 16.587 616.1 152.4 84.7 2.53E + 02 2 .14E + 02 3.9E+01 3.9E+01 3 .4E + 00 -1.9E+01
8/22/04  4 0 14.65 16.678 615 .9 153.1 85.0 2.54E + 02 2 .16E + 02 3.8E *01 3.8E+01 2.5E ^ 00 -2.0E+01
8/22/04 5 00 14.58 16.592 615 .8 153.7 85.5 2.54E +02 2 .17E + 02 3.7E+01 3.7E*01 2.6E + 00 -1.9E+01
8/22/04  5 0 14.47 16.477 615 .7 154.1 85.7 2 55E+02 2 .18E + 02 3.6E+01 3.7E+01 2.1E + 00 -1.9E+-01
8/22/04  6 00 14.35 16.336 615 .6 154.5 86.1 2 5 5 E + 0 2 2 .20E + 02 3.6E+01 3.6E>01 3 .2E + 00 -1.8E+01
8/22/04  6 0 14.27 16.122 6 1 5 .5 154.8 86.3 2.56E +02 2 .21E + 02 3.5E +01 3.5E+01 2 .1E + 00 -1.8E+01
8/22 /04  7 0 0 14.15 16.108 615 .4 155.1 86 .9 2.57E + 02 2.23E + 02 3.4E +01 3.4E+01 4 .0 E + 0 0 -1.6E+01
8/22 /04  7 0 14.06 16.421 615 .3 155.3 88.1 2.57E + 02 2 .26E + 02 3.1E +01 3.2E+01 7 .0E + 00 -1.2E+01
8/22 /04  8 00 14.01 17 .419 615 .3 155.7 90.3 2.57E + 02 2 .32E + 02 2.5E+01 2.8E+01 1 2E+01 -4 .1E + 00
8/22 /04  8 0 14.01 18.297 615 .3 156.1 94 .0 2.57E + 02 2.42E + 02 1.6E+01 2.0E+01 1.9E+01 7.2E »00
8/22 /04  9 00 1311 203 .125 6 1 4 .9 188.6 82.7 2.63E +02 2 17E + 02 4.5E + 01 3.0E+01 -4.9E+01 -6.7E+01
P o s t deploym ent check: DO% sa t. w ent to 98%  with w a te r-sa t. air 
pH p robe sh o w ed  10.03 in pH =10.00 b u f f e r s  6 .98  in pH =7.00 buffer.
A -l 159
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Big H ole R iver T ro ll 900 0  d a ta  r e c o rd  a n d  P (n e t)  c a lc u la t io n s
24 to  2 5 -S e p , 2004
D isso lv ed  oxygen  iso to p e  trial run
DB1 samplling site used Aug. 10-11, 2004 G /Z(h-1)= 0 .5849
In-Situ Inc. Troll 9000 Pro XP
T Depth Baro. [_ uM 1 [02s-02w ] | uM/h |
Date/time Celsius cm mm Hg % sat [02]sat [02]w [0 2 s-0 2 w ] Avg d[02]/dt P-R
9 /24 /04  17 :30 13.54 33.5 622.1 124.3 2.6O E+02 3.23E+02 -6.3E+01
9 /24 /04  18 :00 13.42 33.2 622.1 121.8 2 .61  E+02 3.17E+02 -5.7E+01 -6.0E+01 -1.2E+01 2.3E+01
9/24 /04  18 :30 13.26 33.2 622.1 119.0 2 .62 E + 0 2 3.11 E+02 -5.0E+01 -5.3E+01 -1.2E+01 1.9E+01
9 /24 /04  19 :00 12.94 33.1 622.1 115.1 2 .64 E + 0 2 3.03E + 02 -4.0E+01 -4.5E+01 -1.6E+01 1.0E+01
9/24 /04  19:30 12.67 32.9 622.3 111.7 2 .6 5 E + 0 2 2.96E + 02 -3.1E+01 -3.5E+01 -1.4E+01 6.6E+00
9/24 /04  20 :00 12.39 32.8 622.4 108.1 2 .67 E + 0 2 2.88E + 02 -2.2E+01 -2.6E+01 -1.6E+01 -4.2E-01
9/24 /04  20 :30 12.11 32.7 622.6 104.9 2 .6 9 E + 0 2 2.82E+02 -1.3E+01 -1.7E+01 -1.3E+01 -3.1E+00
9/24 /04  21 :00 11.87 32.6 622.9 102.4 2.7O E+02 2.77E + 02 -6 .6E+00 -9 .9E+00 -1.0E+01 -4.4E+00
9/24 /04  21 :30 11.72 32.6 623.0 100.6 2 .71 E+02 2.73E+02 -1 .7E+00 -4 .1E+00 -8.0E+00 -5.6E+00
9/24 /04  22 :0 0 11.54 32.5 623.0 99.1 2 .7 2 E + 0 2 2.70E + 02 2.3E+00 3.2E-01 -5.8E+00 -5.9E+00
9/24/04  22 :30 11.37 32.3 623.1 98.3 2 .7 3 E + 0 2 2.68E + 02 4 .7E + 00 3.5E + 00 -2.7E+00 -4.7E+00
9/24/04  23 :00 11.2 32.2 623.2 97.5 2 .7 4 E + 0 2 2.67E + 02 6 .8E + 00 5 .8E + 00 -2.0E+00 -5.4E+00
9 /24 /04  23 :30 11.02 32.1 623.2 96.9 2 .7 5 E + 0 2 2.67E + 02 8 .5E + 00 7.7E+00 -1.1E+00 -5.6E+00
9 /25 /04  0 :00 10.83 32.2 623.3 96.4 2 .7 7 E + 0 2 2.67E + 02 1.0E+01 9 .3E + 00 -5.9E-01 -6.0E+00
9/25 /04  0 :30 10.63 32.0 623.3 96.1 2 .7 8  E+02 2.67E + 02 1.1E+01 1.0E+01 9.9E-01 -5.1E+00
9/25 /04  1:00 10.41 32.0 623.3 95.9 2 .79 E + 0 2 2.68E + 02 1.2E+01 1.1E+01 1.5E+00 -5.0E+00
9/25 /04  1:30 10.21 32.0 623.3 95.8 2 .81 E + 0 2 2.69E + 02 1.2E+01 1.2E+01 2.1E+00 -4.8E+00
9/25 /04  2:00 10.01 32.0 623.2 95.6 2 .82 E + 0 2 2.70E + 02 1.2E+01 1.2E+01 1.7E+00 -5.4E+00
9/25 /04  2:30 9.82 31.9 623.2 95.6 2 .83 E + 0 2 2.71 E+02 1.2E+01 1.2E+01 2.4E+00 -4.8E+00
9/25 /04  3 :00 9.61 31.9 623.2 95.5 2 .8 5 E + 0 2 2.72E + 02 1.3E+01 1.3E+01 2.1E+00 -5.2E+00
9/25 /04  3:30 9 .42 31.9 623.2 95.6 2 .8 6 E + 0 2 2.73E + 02 1.3E+01 1.3E+01 2.8E+00 -4.6E+00
9/25 /04  4 :00 9 .22 31.8 623.2 95.5 2 .8 7 E + 0 2 2.74E + 02 1.3E+01 1.3E+01 2.2E+00 -5.3E+00
9/25 /04  4 :30 9 .05 31.8 623.2 95.6 2 .8 9 E + 0 2 2.76E + 02 1.3E+01 1.3E+01 2.9E+00 -4.6E+00
9/25 /04  5 :00 8.86 31.9 623.3 95.5 2 .9 0 E + 0 2 2.77E + 02 1.3E+01 1.3E+01 1.8E+00 -5.7E+00
9/25 /04  5:30 8.68 31.9 623.4 95.6 2.91 E+02 2.78E + 02 1.3E+01 1.3E+01 3.0E+00 -4.6E+00
9/25 /04  6 :00 8.51 31.9 623.3 95.7 2 .9 2 E + 0 2 2.80E + 02 1.3E+01 1.3E+01 2.9E+00 -4.5E+00
9/25 /04  6 :30 8 .35 31.9 623.3 95.8 2 .9 3 E + 0 2 2.81 E+02 1.2E+01 1.2E+01 2.5E+00 -4.8E+00
9/25 /04  7:00 8.2 31.8 623.4 95.7 2 .9 4 E + 0 2 2.82E + 02 1.3E+01 1.2E+01 1.9E+00 -5.4E+00
9/25 /04  7:30 8.04 31.8 623.4 95.8 2 .96 E + 0 2 2.83E + 02 1.2E+01 1.2E+01 2.8E+00 -4.5E+00
9/25 /04  8:00 7.89 31.7 623.5 96.4 2 .97 E + 0 2 2.86E + 02 1.1E+01 1.1E+01 5.7E+00 -9.7E-01
9 /25 /04  8:30 7.78 31.8 623.4 97.4 2 .9 8  E+02 2.90E + 02 7 .8E + 00 9 .2E + 00 7.0E+00 1.7E+00
9/25 /04  9:00 7.67 31.7 623.3 98.3 2 .9 8 E + 0 2 2.93E + 02 5 .0E + 00 6 .4E + 00 7.2E+00 3.5E+00
9/25 /04  9:30 7.61 31.8 623.2 99.9 2 .99 E + 0 2 2.98E + 02 3.0E-01 2.7E+00 1.0E+01 8.7E+00
9/25/04  10:00 7.9 31.8 623.1 104.2 2 .97 E + 0 2 3.09E + 02 -1.2E+01 -6.1E+00 2.1E+01 2.5E+01
9 /25/04  10:30 8.61 31.7 622.9 111.1 2 .92 E + 0 2 3.24E + 02 -3.3E+01 -2.2E+01 3.0E+01 4.3E+01
9 /25/04  11:00 9.11 31.7 622.6 114.7 2 .88 E + 0 2 3.30E + 02 -4.2E+01 -3.7E+01 1.2E+01 3.4E+01
9/25 /04  11:30 9.65 31.8 622.3 117.8 2 .84 E + 0 2 3.35E + 02 -5.1E+01 -4.6E+01 9.5E+00 3.7E+01
9/25 /04  12:00 10.26 31.7 622.1 120.7 2 .80 E + 0 2 3 .38E + 02 -5.8E+01 -5.4E+01 6.5E+00 3.8E+01
9/25 /04  12:30 10.9 31.8 621.9 123.1 2 .76E + 02 3 .40E + 02 -6.4E+01 -6.1E+01 3.5E+00 3.9E+01
9/25 /04  13:00 11.53 31.8 621.5 125.4 2 .72 E + 0 2 3.41 E+02 -6.9E+01 -6.6E+01 2.2E+00 4.1E+01
9/25/04  13:30 12.13 31.8 621.4 127.1 2 .68E + 02 3.41 E+02 -7.3E+01 -7.1E+01 2.7E-01 4.2E+01
9/25 /04  14:00 12.66 31.9 621.1 128.7 2 .65 E + 0 2 3.41 E+02 -7.6E+01 -7.4E+01 -7.8E-02 4.3E+01
9/25 /04  14:30 13.1 31.9 620.9 129.4 2 .63 E + 0 2 3 .40E + 02 -7.7E+01 -7.7E+01 -2.9E+00 4.2E+01
9/25 /04  15:00 13.42 32.0 620.7 129.5 2 .61 E + 0 2 3.38E + 02 -7.7E+01 -7.7E+01 -4.3E+00 4.1E+01
9/25 /04  15:30 13.67 27.6 620.6 130.1 2 .59 E + 0 2 3.37E + 02 -7.8E+01 -7.7E+01 -8.1E-01 4.4E+01
9/25 /04  16:00 13.83 27.7 620.5 129.2 2 .58E + 02 3.34E + 02 -7.5E+01 -7.7E+01 -7.2E+00 3.8E+01
9/25 /04  16:30 13.94 27.9 620.4 128.0 2 .58E + 02 3.30E + 02 -7.2E+01 -7.4E+01 -7.8E+00 3.5E+01
9/25 /04  17:00 13.96 27.7 620.4 126.4 2 .58E + 02 3.26E + 02 -6.8E+01 -7.0E+01 -8.3E+00 3.3E+01
9/25 /04  17:30 13.92 27.7 620.3 124.7 2 .58E + 02 3.22E + 02 -6.4E+01 -6.6E+01 -8.2E+00 3.0E+01
9/25 /04  18:00 13.81 27.8 620.3 122.3 2 .58 E + 0 2 3.16E + 02 -5.8E+01 -6.1E+01 -1.1E+01 2.5E+01
9/25 /04  18:30 19.55 115.2 620.2 91.3 2 .29 E + 0 2 2.09E + 02 2.0E+01 -1.9E+01 -2.1 E+02 -2.0E+02
Post deployment check: DO% sat. went to 98% with water-sat. air
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Arsenic analysis of CFR samples:
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Distribution coefficient calculations for C FR  data
AS1
mg/L TSS
Time Mn (FA) Zn(FA) Mn -part Zn - part mg/kg Kd-Mn Kd-Zn
7/31/2003 11:00 45.1 4.84 18.6 17.0 na
7/31/2003 12:00 41.7 3.61 15.3 14.6 2.020 1 82E+05 2.00E+06
7/31/2003 13:00 38.0 3.09 15.6 10.4 3.138 1.30E+05 1.08E+06
7/31/2003 14:00 35.0 2.16 13.4 9.4 2.697 1.42E+05 1.61E+06
7/31/2003 15:00 31.4 3.50 15.9 10.0 2.935 1.72E+05 9.75E+05
7/31/2003 16:00 28.6 1.75 31.4 10.9 3.350 3.28E+05 1.85E+06
7/31/2003 17:00 27.3 1.65 17.3 16.3 3.292 1.93E+05 3.00E+06
7/31/2003 18:00 26.1 1.13 17.0 19.3 3.241 2.01 E+05 5.25E+06
7/31/2003 19:00 25.9 1.34 16.9 12.2 3.031 2.16E+05 3.00E+06
7/31/2003 20:00 27.5 1.13 21.9 12.9 5.126 1.56E+05 2.22E+06
7/31/2003 21:00 29.3 2.68 22.7 14.9 4.875 1.59E+05 1.14E+06
7/31/2003 22:00 36.3 1.65 27.1 35.5 5.984 1.25E+05 3.60E+06
7/31/2003 23:00 35.7 1.96 19.9 15.3 6.199 8.97E+04 1.26E+06
8/1/2003 0:00 37.7 2.06 30.7 13.8 6.058 1.34E+05 1.11E+06
8/1/2003 1:00 39.2 2.27 33.7 18.5 7.288 1.18E+05 1.12E+06
8/1/2003 2:00 42.8 2.16 31.8 14.9 6.832 1.09E+05 1.01E+06
8/1/2003 3:00 43.0 2.58 37.5 15.0 7.018 1.24E+05 8.29E+05
8/1/2003 4:00 43.4 2.68 40.7 15.9 7.046 1.33E+05 8.43E+05
8/1/2003 5:00 47.9 3.09 28.6 15.4 7.023 8.51 E+04 7.08E+05
8/1/2003 6:00 51.1 3.61 39.0 48.5 7.296 1.05E+05 1.84E+06
8/1/2003 7:00 51.5 4.43 34.9 28.7 6.514 1.04E+05 9.96E+05
8/1/2003 8:00 52.0 7.21 24.6 63.1 5.981 7.91 E+04 1.46E+06
8/1/2003 9:00 44.7 4.22 23.2 20.6 4.668 1.11 E+05 1.05E+06
8/1/2003 10:00 41.0 4.02 28.0 12.4 3.427 1.99E+05 8.98E+05
8/1/2003 11:00 39.1 3.81 16.5 10.7 3.260 1.29E+05 8.65E+05
8/1/2003 13:00 32.9 2.58 14.7 8.5 3.468 1.29E+05 9.49E+05
Avg 1.46E+05 1.63E+06
log Kd 5.16 6.21
na = not available
K d =
(mg Mn or Zn particles/ L)/(kg TSS/kg) 
(mg Mn or Zn dissolved/ L)
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CFR - SEM and EDX results:
10/1/03 X1000 WD39 20kV CFR TSS 2 AM
Figure A-2-1: Scanning electron micrograph o f TSS sediments collected at CFR-AS1 at 1400 hours on 
Aug., 2003.
CFR TSS 2 AM Calcite?
10/1/03 X3500 WD39 20kV
Figure A-2-2: Scanning electron micrograph o f  TSS sediments collected at CFR-AS1 at 1400 hours on 1 
Aug., 2003.
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TSS sample from AS1 at 0200 hours, l-Aug-2003 -  spectrum A
R O N T E C  E DWI N W i n T o o l s  1 C F R 1 6 A  0 1 . 1 0 . 2 0 0 3  ( 1 4 : 1 5 )
NT v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 4 4 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F c c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 .  o o o o o 1 . 0 0 0 0 0 0 . 00 0 . 00 + - 0 . 00 n
C a  K - a l p h a 2 3 . 5 1 . 0 1 9 1 4 1 . 0 2 1 6 9 1 . 63 0 . 79 + - 0 .  09
T i  K - a l p h a 2 . 9 1 .  0 2 1 7 8 1 .  0 4 2 1 3 0 . 2 1 0 . 09 + - 0 . 04 <
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 54  . 56 66  . 09 + - 5 . 80 n
F e  K - a l p h a 3 5 . 7 1 . 0 2 6 4 0 1 . 0 8 1 5 9 2 . 5 5 0 . 8 8 + - 0 . 12
Mg K - s e r 5 . 3 1 . 0 0 4 9 0 1 . 0 1 3 9 3 0 . 60 0 . 4 8 + - 0 . 0 8
A l  K - s e r 8 6 . 4 1 . 0 0 7 1 5 1 . 0 1 8 8 0 8 . 82 6 . 34 + - 0 . 4 3
S i  K - s e r 3 3 5  . 9 1 . 0 0 9 2 3 1 . 0 0 5 4 2 3 0 . 2 7 2 0 . 8 8 + - 1 . 22
S K - s e r 6 . 3 1 . 0 1 2 9 5 1 . 0 1 3 5 1 0 . 4 8 0 . 2 9 + - 0 . 07
K K - a l p h a 1 1 5  . 3 1 . 0 1 7 7 2 1 . 0 1 9 7 2 8 . 4 1 4 . 1 7 + - 0 . 2 8
s t a n d a r d l e s s 1 1 4 . 4 7 1 0 0 . 0 0 [ i s ]
4500
4000
3500
3000
2500
2000
1500
1000
500
8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.6.0 7.02.0 3.0 4.0 5.00.0 1.0
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TSS sample from AS1 at 0200 hours, 1-Aug-2003 -  spectrum B
R O N T E C  EDWI N W i n T o o l s  1 C F R 1 6 B  0 1 . 1 0 . 2 0 0 3  ( 1 4 : 2 6 )
N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 4 0 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . o o o o o 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
C a  K - a l p h a 5 1 6  . 0 1 . 0 2 0 8 2 1 . 0 1 0 6 5 3 9 .  9 4 2 4  . 2 7 + - 1 . 2 7
O K - s e r @ 1 .  o o o o o 1 . o o o o o 4 4 . 3 6 6 7  . 5 3 + - 5 . 9 4 n
Mg K - s e r 3 . 9 1 . 0 0 5 3 3 1 . 0 0 8 8 4 0 . 4 9 0 . 4 9 + - 0 . 08
A l  K - s e r 8 . 8 1 . 0 0 7 7 8 1 . 0 1 5 5 3 0 . 98 0 . 8 9 + - 0 . 09
S i  K - s e r 74 . 7 1 . 0 1 0 0 3 1 . 0 1 9 2 0 7 . 2 9 6 . 32 + - 0 . 34
S K - s e r 8 . 3 1 . 0 1 4 0 8 1 . 0 5 1 8 2 0 . 67 0 . 51 + - 0 . 09
s t a n d a r d l e s s 1 0 4 . 16 1 0 0 . 00 [ I s ]
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TSS sample from AS1 at 1300 hours, 31-Jul-2003 -  spectrum A
R ON T E C  EDWI N W i n T o o l s  1 C F R 3 A  0 1 . 1 0 . 2 0 0 3  ( 1 4 : 3 4 )
NT v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 4 6 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . o o o o o 1 . o o o o o 0 . 0 0 0 .  0 0 + - 0 . 0 0 n
C a  K - a l p h a @ 8 5 . 9 1 . 0 2 5 1 8 1 . 0 5 8 0 3 7 . 5 9 5  . 1 7 + - 0 . 3 5
O K - s e r @ 1 . o o o o o 1 . o o o o o 3 0  . 0 4 5 1  . 2 4 + - 4 . 5 4 n
Mn K - a l p h a @ 2 5 1 . 4 1 .  0 3 3 3 0 1 .  0 4 0 4 1 2 4  . 7 5 1 2  . 3 0 + - 0 . 9 1
B a  L - s e r @ 1 4  . 2 1 .  0 2 8 4 8 1 . 1 3 4 8 6 1 . 5 9 0 . 3 2 + - 0 . 1 5
F e  K - a l p h a @ 3 2  . 2 1 .  0 3 4 7 3 1 . 0 4 7 6 0 3 . 1 8 1 . 5 5 + - 0 . 3 0
C u  K - a l p h a 5 . 1 1 . 0 3 8 6 9 1 . 0 8 1 8 8 0 . 5 8 0 . 2 5 + - 0 . 1 0
Z n  K - a l p h a 1 7  . 2 1 . 0 3 9 9 2 1 . 0 9 3 2 2 2 . 0 8 0 . 8 7 + - 0 . 1 9
Mg K - s e r @ 1 0 . 2 1 . 0 0 6 4 5 1 . 0 0 7 3 6 1 .  5 0 1 . 68 + - 0 . 1 8
A l  K - s e r @ 3 9 . 0 1 . 0 0 9 4 1 1 . 0 1 1 3 0 5 . 2 0 5 . 2 6 + - 0 . 3 5
S i  K - s e r @ 1 7 8 . 2 1 . 0 1 2 1 4 1 . 0 0 7 0 1 2 0 . 8 5 2 0  . 2 6 + - 1 . 0 2
S K - s e r 6 . 4 1 . 0 1 7 0 3 1 . 0 1 7 7 2 0 . 6 3 0 . 5 4 + - 0 . 1 1
K K - a l p h a @ 8 . 8 1 . 0 2 3 3 1 1 . 0 6 1 6 3 0 . 8 2 0 . 5 7 + - 0 . 1 3
s t a n d a r d l e s s 1 0 2 . 8 3 1 0 0  . 0 0 [ I s ]
4500
4000
3500
3000
2500
2000
1500
1000
500
8.0 9.0 10.01.0 2.0 3.0 4.0 5.0 6.0 7.0 11.0 12.0 13.0 14.00.0 15.0 16.
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TSS sample from AS1 at 1300 hours, 31-Jul-2003 -  spectrum B
0 1 . 1 0 . 2 0 0 3  ( 1 4 : 3 8 )R O N T E C  EDWI N W i n T o o l s 1 C F R 3 B
NT  v e r s : 3 . 2 e n g E o : 2  0 . 0 k e V ( T O : 4  0 . 0 T I  : 5 0 . 0 )
e l e m / l i n e P / B
* * *  p u z a f  r e s u l t s  * * *  
B F  c c ( a t o m ) c o n f i d . _ h _
C K - s e r @ C o a t ! 1 . o o o o o 1 . o o o o o 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
C a  K - a l p h a 1 1 . 6 1 . 0 2 5 7 4 1 . 0 4 6 0 1 1 .  0 6 0 . 8 5 + - 0 . 0 8
O K - s e r @ 1 . o o o o o 1 . o o o o o 2 3  . 9 4 4 8  . 3 1 + - 4 . 4 0 n
Mn  K - a l p h a 2 . 3 1 . 0 3 4 0 4 1 .  1 3 1 4 4 0 . 2 1 0 . 1 3 + - 0 . 0 5
F e  K - a l p h a 1 7 7  . 9 1 . 0 3 5 5 0 1 . 1 0 8 8 9 1 6  . 9 4 9  . 7 9 + - 0 . 5 7
C u  K - a l p h a 1 3 3 . 1 1 . 0 3 9 5 5 1 . 0 7 5 2 5 1 5 . 6 1 7 . 9 3 + - 0 . 5 7
A s  K - a l p h a 2 1 . 2 1 . 0 4 4 3 3 1 .  1 3 2 7 2 3 . 6 5 1 .  5 7 + - 0 . 2 5
Mg  K - s e r @ 1 . 3 1 . 0 0 6 6 0 1 . 0 0 5 3 2 0 . 2 0 0 . 2 6 + - 0 . 1 0
A l  K - s e r @ 1 0  . 8 1 . 0 0 9 6 2 1 . 0 0 9 2 1 1 . 4 6 1 .  7 5 + - 0 . 1 4
S i  K - s e r @ 5 5 . 9 1 . 0 1 2 4 1 1 . 0 1 2 3 6 6 . 6 1 7 . 6 0 + - 0 . 3 7
S K - s e r 2 1 2  . 7 1 . 0 1 7 4 1 1 . 0 1 0 1 2 2 1 . 4 0 2 1 . 5 5 + - 0 . 9 3
K K - a l p h a 3 . 2 1 . 0 2 3 8 2 1 . 0 3 4 3 3 0 . 3 0 0 . 2 5 + - 0 . 0 5
s t a n d a r d l e s s 1 0 1 . 4 0 1 0 0  . 0 0 [ I s ]
“10
9
 ......  - r - ... r
8.0 9.0 10.0 11.0 12.0 13.0 14.0
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TSS sample from AS1 at 1300 hours, 31-Jul-2003 -  spectrum C
R O N T E C  EDWI N W i n T o o l s  1 C F R 3 C  0 1 . 1 0 . 2 0 0 3  ( 1 4 : 4 0 )
N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 1 2 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 .  o o o o o 1 . o o o o o 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
C a  K - a l p h a 5 5  . 3 1 .  0 2 0 8 8 1 . 0 3 3 6 0 4 . 1 6 2 . 4 6 + - 0 . 1 7
T i  K - a l p h a 2 0 . 8 1 .  0 2 3 7 6 1 . 0 5 8 8 4 1 . 6 1 0 . 7 9 + - 0 . 0 9
O K - s e r @ 1 . o o o o o 1 . o o o o o 4 2  . 1 6 6 2  . 4 7 + - 5 . 5 5 n
Mn  K - a l p h a 2 . 0 1 .  0 2 7 6 1 1 . 0 7 6 6 1 0 . 1 6 0 . 0 7 + - 0 . 0 4 <
F e  K - a l p h a 1 0 2  . 4 1 . 0 2 8 8 0 1 . 0 5 8 8 9 8 . 2 3 3 . 4 9 + - 0 . 2 9
Mg K - s e r 3 9  . 9 1 . 0 0 5 3 5 1 . 0 0 9 5 0 4  . 9 2 4  . 8 0 + - 0 . 3 6
A l  K - s e r 5 7  . 6 1 . 0 0 7 8 0 1 . 0 1 3 3 2 6 . 4 6 5 . 6 7 + - 0 . 3 7
S i  K - s e r 2 0 6  . 2 1 . 0 1 0 0 6 1 . 0 0 6 0 5 2 0 . 2 9 1 7  . 1 3 + - 0 . 9 4
K K - a l p h a 6 5  . 2 1 . 0 1 9 3 3 1 . 0 3 6 0 2 5 . 1 3 3 . 1 1 + - 0 . 2 0
s t a n d a r d l e s s 9 6  . 7 3 1 0 0 . 0 0 [ I s ]
3*10
Am
8.05.0 8.0 7.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.1.0 2.0 3.0 4.00.0
A - 2  1 8 0
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TSS sample from AS1 at 1300 hours, 31-Jul-2003 -  spectrum D
R O N T E C  EDWI N W i n T o o l s  1 C F R 3 D  0 1 . 1 0 . 2 0 0 3  ( 1 4 : 4 5 )
N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 6 2 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 00 0 . 00 + - 0 . 00 n
C a  K - a l p h a 86 . 9 1 .  0 2 5 6 9 1 . 0 5 5 5 4 8 . 03 5 . 64 + - 0 . 3 0
T i  K - a l p h a 3 . 8 1 .  0 2 9 2 3 1 . 1 1 7 6 5 0 . 3 5 0 . 2 1 + - 0 . 05
O K - s e r @ 1 .  o o o o o 1 .  o o o o o 23  . 63 4 1 . 5 4 + - 3 . 5 0 n
Mn K - a l p h a 8 . 5 1 .  0 3 3 9 8 1 .  0 9 0 0 4 0 . 84 0 . 4 3 + - 0 . 07
F e  K - a l p h a 3 1 0 . 4 1 . 0 3 5 4 3 1 . 0 4 1 4 9 32 . 10 1 6 . 1 7 + - 0 . 9 8
C u  K - a l p h a 6 . 3 1 .  0 3 9 4 7 1 . 0 7 3 6 6 0 . 76 0 . 3 3 + - 0 . 1 0
Z n  K - a l p h a 9 . 4 1 . 0 4 0 7 2 1 . 0 8 6 9 3 1 . 1 9 0 . 5 1 + - 0 . 12
Mg K - s e r @ 1 1 . 3 1 . 0 0 6 5 8 1 . 0 0 7 6 3 1 .  74 2 . 01 + - 0 . 16
A l  K - s e r @ 54 . 1 1 .  0 0 9 6 0 1 . 0 1 1 1 2 7 . 54 7 . 87 + - 0 . 4 2
S i  K - s e r @187 . 4 1 .  0 1 2 3 8 1 . 0 0 7 0 3 22  . 92 2 2  . 96 + - 1 . 0 5
P K - s e r @ 1 5 . 8 1 . 0 1 4 9 7 1 . 0 1 0 6 4 1 . 81 1 . 6 5 + - 0 . 1 2
K K - a l p h a 9 . 9 1 .  0 2 3 7 8 1 . 0 5 8 2 4 0 . 96 0 . 69 + - 0 . 08
s t a n d a r d l e s s 1 0 5 . 4 0 1 0 0  . 00 [ i s ]
3“10
9.07 .0 8.0 10.0 11.0 12.0 13.0 14.04.0 5.0 8.0 15.0 1B.1.0 2.0 3.00.0
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Appendix: A-3
Supplem entary data for Fisher Creek- Chapter 4
Field data collected at Fisher Creek Station F-2, August 13,14, 2003
RA (raw acidified) & FA (filtered acidified) samples collected at 
each time unless noted.
(Notes and data from C. Gammons)
FZ test
Date: time Sample T(°C)
SC
uS/cm
XQ
.
staff
gage
flow
(cfs)
F e 2*
mg/L comments
8/13/03 6:35 6.3 159 0.65 1.68 WTW probes calibrated and placed into water
8/13/03 9:00 F2-1 8.2 160 5.36 0.65 1.68 0 .316 begin diel sampling, sunny
8/13/03 11:00 F2-2 12.9 160 5.29 0.65 1.68 0.568 sunny
8/13/03 13:00 F2-3 17 161 5.22 0.64 1.56 0.627 sunny
8/13/03 15:00 F2-4 18.1 160 5.19 0.63 1.44 0.490 partly sunny
8/13/03 17:00 F2-5 16.4 158 5.21 0.625 1.38 0.399 overcast
8/13/03 19:00 F2-6 14 160 5.23 0.635 1.50 0.248 overcast with patchy sun
8/13/03 21:15 F2-7 11.5 160 5.25 0.64 1.56 0.147 dark
8/13/03 23:00 F2-8 9.9 160 5.33 0.64 1.56 0.055 clear, moonlit night
8/14/03 1:00 F2-9 5.37 0 .095 clear, moonlit night
8/14/03 3:00 F2-10 7.8 158 5.40 0.64 1.56 0 .105 clear, moonlit night
8/14/03 5:00 F2-11 7.1 156 5.43 0.64 1.56 0.122 faintest hint of dawn
8/14/03 7:00 F2-12 6.6 156 5.43 0.645 1.62 0.138 bright, but sun not on water yet
8/14/03 9:00 F2-13 5.38 0.283
8/14/03 9:30 9.5 161 5.37 0.645 1.62 sunny, getting warm quickly
8/14/03 11:00 F2-14 13.2 163 5.34 0.63 1.44 0.517 sunny, hot
Field data collected at Fisher Creek Station F-2.5, August 13 FZ test
FtA (raw acidified) & FA (filtered acidified) samples collected at 
each time unless noted.
(Notes and data from C. Gammons) f z  te s t
Date: time Sample T (°C) SC pH
staff
gage
flow
cfs
Fe2+
mg/L comments
8/12/03 17:30 16.7 142 6.83 0.92 2.25
8/13/03 6:30 6.5 143 0.93 2.46 WTW probes calibrated and placed into water
8/13/03 9:00 0.935 2.57 0.063
8/13/03 10:00 F2.5-1 11.1 145 6.85 0.93 2.46 0.056 begin diel sampling, sunny
8/13/03 12:00 F2.5-2 15.3 144 6.79 0.925 2.35 0.049 sunny
8/13/03 14:00 F2.5-3 18.3 144 6.78 0.925 2.35 0.031 partly sunny
8/13/03 15:00 0.9175 2.19 0.033
8/13/03 16:00 F2.5-4 17.6 143 6.76 0.915 2.14 0.034
0.035
mostly cloudy, sprinkles
8/13/03 18:00 F2.5-5 16.4 143 6.77 0.91 2.03 0.035 mostly cloudy, some sunny patches
8/13/03 20:00 F2.5-6 14 142 6.8 0.92 2.25 0.063 sun has set, clearing
8/13/03 21:00 0.92 2.25
8/13/03 22:00 F2.5-7 11.3 142 6.77 0.92 2.25 0.044 clear, moonlit night
8/14/03 0:00 F2.5-8 9.8 143 6.78 0.92 2.25 0.025 clear, moonlit night
8/14/03 2:00 F2.5-9 8.6 143 6.78 0.92 2.25 0.022 clear, moonlit night
8/14/03 4:00 F2.5-10 7.7 144 6.79 0.925 2.35 0.027 clear, moonlit night
8/14/03 6:00 F2.5-11 7.1 144 6.8 0.925 2.35 0.031 brightening sky .. Can read book barely
8/14/03 8:00 F2.5-12 7.3 145 6.83 0.925 2.35 0.038
8/14/03 9:15 0.93 2.46
8/14/03 12:00 16.2 145 6.82
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Fisher Creek - SEM & EDX results:
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Figure A-3-1: Scanning electron micrograph o f TSS sediments collected at Fisher Creek F3 site at 1300 
hours on 13-Aug., 2003.
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Figure A-3-2: Scanning electron micrograph of benthic sediments collected at Fisher Creek F2.5 site on 
13-Aug., 2003.
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Figure A-3-3: Scanning electron micrograph o f benthic sediments collected at Fisher Creek F2.5 site on 
13-Aug., 2003.
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e l e m / l i n e P /B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 .  0 0 0 0 0 0 . 00 0 . 00 + - 0 . 00 n
C a  K - a l p h a 5 . 0 1 .  0 2 8 2 1 1 . 1 1 4 2 8 0 . 4 8 0 . 4 1 + - 0 . 07
O K - s e r @ 1 .  0 0 0 0 0 1 . 0 0 0 0 0 2 5 . 3 5 53 . 6 9 + - 4 . 5 9 n
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Mg K - s e r @ 0 . 8 1 . 0 0 7 2 3 1 . 0 0 4 3 8 0 . 13 0 . 19 + - 0 . 18 <
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* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
C a  K - a l p h a 1 .  2 1 . 0 2 6 1 0 1 . 1 1 4 8 3 0 . 1 0 0 . 0 9 + - 0 . 0 5
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 2 9 .  6 3 6 2  . 8 5 + - 5  . 2 4 r »
F e  K - a l p h a 4 3 0 . 6 1 . 0 3 6 0 0 1 .  0 3 3 2 6 4 4  . 6 2 2 7  . 1 2 + - 1 . 4 5
Cu K - a l p h a 1 1 . 3 1 . 0 4 0 1 0 1 . 0 5 8 8 2 1 . 3 7 0 . 7 3 + - 0 . 1 3
Mg K - s e r @ 1 . 0 1 . 0 0 6 6 9 1 . 0 0 4 0 2 0 . 1 4 0 . 2 0 + - 0 . 1 4 <
A l  K - s e r @ 1 3  . 1 1 . 0 0 9 7 5 1 .  0 0 6 6 1 1 .  8 0 2 . 2 7 + - 0 .  1 6
S i  K - s e r @ 3 3 . 8 1 . 0 1 2 5 8 1 .  0 0 8 8 9 4 .  0 6 4 .  9 0 + - 0 . 2 5
P K - s e r @ 2 . 5 1 . 0 1 5 2 1 1 .  0 1 4 6 2 0 . 2 8 0 . 3 0 + - 0 . 0 7
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e l e m / l i n e P / B B F c c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
C a  K - a l p h a 1 . 8 1 . 0 2  3 8 7 1 . 1 1 0 8 5 0 . 1 4 0 . 1 2 + - 0 . 0 5
O K - s e r @ 1 . 0 0 0 0 0 1 .  0 0 0 0 0 3 2  . 5 4 6 6  . 9 5 + - 5 . 5 6 n
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A l  K - s e r @ 2 6 . 8 1 . 0 0 8 9 2 1 . 0 0 6 3 4 3 . 3 0 4  . 0 2 + - 0 . 2 3
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e l e m / l i n e P / B B F c c ( a t o m ) c o n f i d . _ h _
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 00 0 . 00 + - 0 . 00 n
C a  K - a l p h a 1 .  0 1 . 0 2 5 7 7 1 . 1 1 3 3 6 0 . 08 0 . 08 + - 0 . 06 <
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 25  . 32 60 . 0 9 + - 5 . 15 n
F e  K - a l p h a 4 1 0  . 9 1 . 0 3 5 5 4 1 . 0 3 4 0 8 4 1 .  67 2 8 . 3 3 + - 1 .  65
C u  K - a l p h a 14 . 4 1 . 0 3 9 6 0 1 . 0 5 8 1 0 1 .  70 1 . 02 + - 0 . 17
Mg K - s e r @ 0 . 2 1 . 0 0 6 6 0 1 . 0 0 4 1 3 0 . 03 0 . 05 + - 0 . 11 <
A l  K - s e r @ 1 9 . 0 1 . 0 0 9 6 3 1 . 0 0 6 4 8 2 . 56 3 . 61 + - 0 . 2 7
S i  K - s e r @ 3 3 . 7 1 . 0 1 2 4 2 1 . 0 0 8 6 0 3 . 96 5 . 3 5 + - 0 . 3 0
P  K - s e r @ 0 . 5 1 . 0 1 5 0 2 1 .  0 1 4 2 9 0 . 06 0 . 07 + - 0 . 08 <
S K - s e r @ 7 . 8 1 . 0 1 7 4 3 1 . 0 2 1 6 0 0 . 7 7 0 . 92 + - 0 . 1 1
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* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0
C a  K - a l p h a 1 2  . 7 1 . 0 1 9 1 9 1 .  0 3 9 5 9 0 . 8 4 0 . 4 2 + - 0 . 0 5
T i  K - a l p h a 9 . 6 1 . 0 2 1 8 4 1 . 0 7 7 4 4 0 . 6 5 0 . 2 7 + - 0 . 0 4
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 5 5  . 3 7 6 8  . 9 7 + - 5  . 8 4
F e  K - a l p h a 1 4 4  . 8 1 . 0 2 6 4 7 1 . 0 6 8 0 3 1 0  . 2 8 3 . 6 7 + - 0 . 2 9
C u  K - a l p h a 1 2  . 8 1 . 0 2 9 4 9 1 . 1 1 7 9 4 1 . 0 3 0 . 3 2 + - 0 . 0 7
Mg K - s e r @ 9 . 8 1 . 0 0 4 9 2 1 . 0 1 0 0 7 1 .  0 9 0 . 8 9 + - 0 . 0 9
A l  K - s e r @ 1 0 8  . 6 1 . 0 0 7 1 7 1 . 0 1 1 9 1 1 0  . 8 9 8  . 0 5 + - 0 . 4 6
S i  K - s e r @ 2 3 6 . 0 1 . 0 0 9 2 5 1 . 0 0 5 4 6 2 0  . 7 6 1 4  . 7 3 + - 0 . 7 3
P K - s e r @ 7 . 5 1 . 0 1 1 1 8 1 . 0 0 8 5 4 0 . 6 2 0 . 4 0 + - 0 . 0 6
S K - s e r @ 1 2  . 1 1 . 0 1 2 9 8 1 . 0 1 2 2 2 0 . 8 9 0 . 5 5 + - 0 . 0 6
K K - a l p h a 4 8 . 2 1 .  0 1 7 7 7 1 . 0 3 0 4 4 3 . 4 1 1 .  7 4 + - 0 . 1 2
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* * *  P U z a f  r e s u l t s  * * *
e . l e m /  l i n e P / B B F c c ( a t o m ) c o n f i d .  h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 .  0 0 0 0 0 0 . 00 0 . 00 + - 0 . 0 0  n
C a K - a l p h a 8 . 5 1 . 0 1 9 2 4 1 . 0 5 0 3 0 0 . 56 0 . 2 7 + - 0 . 04
T i K - a l p h a 3 . 1 1 . 0 2 1 8 9 1 . 1 0 4 1 5 0 . 2 0 0 . 08 + - 0 . 03
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 6 1 . 5 4 74 . 54 + - 6 . 1 8  n
Fe K - a l p h a 1 9 9 . 4 1 . 0 2 6 5 3 1 . 0 5 8 3 3 14 . 29 4 . 96 + - 0 . 3 3
Cu K - a l p h a 4 . 4 1 . 0 2 9 5 6 1 . 1 1 0 7 7 0 . 35 0 . 11 + - 0 . 04
Mg K -  s e r @ 6 . 5 1 . 0 0 4 9 3 1 . 0 0 8 3 0 0 . 7 1 0 . 5 7 + - 0 . 06
A l K - s e r @ 9 7 . 8 1 . 0 0 7 1 9 1 . 0 0 9 6 8 9 .  82 7 . 05 + - 0 . 3 6
S i K -  s e r @ 1 6 9 . 2 1 . 0 0 9 2 7 1 . 0 0 6 0 0 14 . 86 10 . 2 5 + - 0 . 4 6
P K - s e r @ 6 . 0 1 . 0 1 1 2 1 1 . 0 0 9 5 0 0 . 4 9 0 . 3 1 + - 0 . 05
S K - s e r @ 2 3 . 2 1 . 0 1 3 0 1 1 . 0 1 2 6 0 1 .  71 1 . 03 + - 0 . 07
K K - a l p h a 23 . 9 1 . 0 1 7 8 1 1 . 0 3 7 1 5 1 .  67 0 . 83 + - 0 . 06
s t a n d a r d l e s s  1 1 8 . 0 2  1 0 0 . 0 0  [ I s ]
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RONTEC EDWIN WinTools F317A1 01.10.2003 (12:46)
N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 2 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F c c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
C a  K - a l p h a @3 6 7  . 6 1 .  0 2 2 9 0 1 . 0 1 4 7 2 3 1 . 5 2 1 9  . 9 7 + - 0 . 9 3
0  K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 3 7 . 2 0 5 9  . 0 5 + - 5 . 3 4 n
B a  L - s e r @ 1 1 . 3 1 .  0 2 5 9 0 1 . 0 4 5 1 9 1 . 2 9 0 . 2 4 + - 0 . 1 1 <
F e  K - a l p h a 1 3  . 8 1 .  0 3 1 5 8 1 . 0 5 6 1 4 1 . 2 5 0 . 57 + - 0 . 09
A l  K - s e r 28 . 3 1 .  0 0 8 5 6 1 . 0 1 5 6 5 3 . 52 3 . 3 1 + - 0 . 2 1
S i  K - s e r 77 . 5 1 . 0 1 1 0 4 1 . 0 1 8 8 7 8 . 3 9 7 . 5 8 + - 0 . 3 8
P K - s e r 10 5  . 0 1 . 0 1 3 3 4 1 . 0 1 9 3 6 10  . 69 8 . 77 + - 0 . 4 3
K K - a l p h a @ 9 . 5 1 . 0 2 1 2 0 1 . 1 1 6 3 0 0 . 78 0 . 50 + - 0 . 0 8
s t a n d a r d l e s s 9 6  . 97 1 0 0 . 0 0 [ I S ]
3■10
8.0 9.0 11.0 12.0 13.06.0 10.0 14.0 15.0 16.5.0 7.01.0 2.0 3.0 4.00.0
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RONTEC EDWIN WinTools F317A2 01.10.2003 (12:50)
N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 6 0 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 .  0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
C a  K - a l p h a 1 1 5  . 3 1 .  0 1 9 6 8 1 . 0 3 0 9 3 8 . 0 9 3 . 9 9 + - 0 . 2 3
T i  K - a l p h a 7 . 5 1 .  0 2 2 4 0 1 .  0 6 0 3 6 0 . 5 4 0 . 2 2 + - 0 . 0 4
O K - s e r @ 1 .  0 0 0 0 0 1 . 0 0 0 0 0 5 6  . 4 2 6 9  . 7 2 + - 5 . 9 0 n
F e  K - a l p h a 1 0 3  . 5 1 . 0 2 7 1 5 1 . 0 7 1 7 8 7 . 6 3 2 . 7 0 + - 0 . 2 1
C u  K - a l p h a 1 4  . 1 1 .  0 3 0 2 4 1 . 1 2 1 6 7 1 .  1 8 0 . 3 7 + - 0 . 0 6
A l  K - s e r 1 1 0  . 0 1 . 0 0 7 3 5 1 . 0 1 1 8 5 1 1  . 5 0 8 . 4 3 + - 0 . 4 3
S i  K - s e r 2 1 5 . 1 1 . 0 0 9 4 9 1 . 0 0 5 8 5 1 9  . 7 1 1 3  . 8 8 + - 0 . 6 3
P K - s e r 5 . 1 1 . 0 1 1 4 7 1 . 0 0 9 3 4 0 . 4 3 0 . 2 8 + - 0 . 0 5
K K - a l p h a 1 1 . 5 1 . 0 1 8 2 2 1 . 0 4 8 6 2 0 . 8 3 0 . 4 2 + - 0 . 0 5
s t a n d a r d l e s s 1 1 4 . 6 0 1 0 0 . 0 0 [ i s ]
3■10
8.0 ao 11,0 12.0 13.0 14.07.0 10.0 15.0 16.2.0 3.0 4.0 5.0 6.01.00.0
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RONTEC EDWIN WinTools F317A3 01.10.2003 (12 : 53)
N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T 0 : 4 0 . 0  T I : 1 6 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F c c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 .  0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
C a  K - a l p h a 1 2 7  . 7 1 . 0 1 9 6 6 1 . 0 2 1 8 4 9 . 1 4 4  . 8 5 + - 0 . 2 7
T i  K - a l p h a 3 . 1 1 .  0 2 2 3 7 1 . 0 4 2 5 6 0 . 2 3 0 . 1 0 + - 0 . 0 3
0  K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 4 9  . 8 4 6 6  . 1 7 + - 5  . 7 1 n
F e  K - a l p h a 3 8 . 5 1 . 0 2 7 1 1 1 . 0 7 9 8 5 2 . 8 5 1 .  0 8 + - 0 . 1 1
C u  K - a l p h a 5 . 8 1 .  0 3 0 2 0 1 . 1 4 6 7 9 0 . 4 7 0 . 1 6 + - 0 . 0 5
Mg K - s e r @ 1 6  . 2 1 . 0 0 5 0 4 1 . 0 1 2 0 6 1 .  8 8 1 .  6 4 + - 0 . 1 5
A l  K - s e r @1 0 3  . 8 1 . 0 0 7 3 4 1 . 0 1 3 9 3 1 0  . 9 7 8 . 6 3 + - 0 . 5 3
S i  K - s e r @ 2 3 3 . 4 1 . 0 0 9 4 7 1 . 0 0 5 7 4 2 1 . 6 6 1 6  . 3 8 + - 0 . 8 6
P K - s e r @ 2 . 4 1 . 0 1 1 4 5 1 . 0 0 9 3 3 0 . 2 1 0  . 1 5 + - 0 . 0 6
S K - s e r @ 2 . 4 1 . 0 1 3 3 0 1 . 0 1 4 3 6 0 . 1 8 0 . 1 2 + - 0 . 0 7 <
K K - a l p h a 1 7  . 9 1 . 0 1 8 2 0 1 . 0 4 6 1 6 1 . 3 1 0 . 7 1 + - 0  . 0 7
s t a n d a r d l e s s 1 0 3  . 2 8 1 0 0  . 0 0 [ i s ]
3
8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.04.0 6.0 7.0 16.2.0 3.0 5.01.0
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N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 6 8 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 .  0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
C a  K - a l p h a 7 1 . 5 1 . 0 1 8 8 4 1 . 0 2 5 8 8 4 . 8 3 2 . 1 4 + - 0 .  13
T i  K - a l p h a 4 . 0 1 . 0 2 1 4 4 1 . 0 5 0 2 4 0 . 2 8 0 . 1 0 + - 0 . 0 3
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 6 2  . 4 6 6 9 . 3 1 + - 5 . 7 7 n
F e  K - a l p h a 4 0 . 4 1 . 0 2 5 9 8 1 . 1 0 0 3 3 • 2 . 7 7 0 . 8 8 +  - 0 . 0 9
C u  K - a l p h a 2 1 . 1 1 . 0 2 8 9 5 1 . 1 5 5 1 0 1 . 6 3 0 . 4 6 + - 0 . 0 7
Mg K - s e r @ 1 5 . 4 1 . 0 0 4 8 3 1 . 0 1 2 2 2 1 . 7 0 1 . 2 4 + - 0 . 0 9
A l  K - s e r @ 1 5 4  . 6 1 . 0 0 7 0 4 1 . 0 1 2 1 5 1 5  . 5 6 1 0  . 2 4 + - 0 . 4 7
S i  K - s e r @2 6 3  . 8 1 . 0 0 9 0 8 1 . 0 0 4 6 3 2 3 . 2 8 1 4  . 7 2 + - 0 . 6 3
P  K - s e r @ 5 . 6 1 . 0 1 0 9 8 1 . 0 0 7 2 5 0 . 4 7 0 . 2 7 + - 0 . 0 5
S K - s e r @ 5 . 0 1 . 0 1 2 7 5 1 . 0 1 0 7 4 0 . 3 7 0 . 2 0 + - 0 . 0 5
K K - a l p h a 1 3  . 9 1 . 0 1 7 4 4 1 . 0 3 3 3 9 0 . 9 8 0 . 4 4 + - 0 . 0 5
s t a n d a r d l e s s 1 2 1 . 6 6 1 0 0 . 0 0 [ I s ]
8 -
7 -
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RONTEC EDWIN WinTools F3SED1 01.10.2003 (13 : 06)
N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T 0 : 4 0 . 0  T I : 2 0 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F c c ( a t o m ) c o n f i d . _ h _
C K - s e r @ C o a t ! 1 .  0 0 0 0 0 1 .  0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
T i  K - a l p h a 1 4  . 8 1 .  0 3 3 8 1 1 . 2 6 7 7 2 1 . 4 0 1 .  0 6 + - 0 . 1 2 *
O K - s e r @ 1 . 0 0 0 0 0 1 .  0 0 0 0 0 2 1 . 2 9 4 8  . 1 6 + - 4 . 3 0 n
F e  K - a l p h a 5 4 0  . 7 1 . 0 4 0 9 8 1 .  0 2 7 5 8 6 6  . 2 9 4 2  . 9 7 + - 2 . 6 1
C u  K - a l p h a 1 .  7 1 . 0 4 5 6 6 1 . 0 5 3 9 8 0 . 2 4 0 . 1 4 + - 0 . 1 2 <
Mg K - s e r @ 0 . 2 1 . 0 0 7 6 1 1 .  0 0 3 7 4 0 . 0 4 0 . 0 6 + - 0 . 1 4 <
A l  K - s e r @ 1 4  . 4 1 .  O H I O 1 . 0 0 6 1 2 2 . 3 2 3 . 1 2 + - 0 . 2 5
S i  K - s e r @ 2 1 . 1 1 . 0 1 4 3 2 1 . 0 0 9 0 6 2 . 9 6 3 . 8 2 + - 0 . 2 7
S K - s e r 1 . 4 1 . 0 2 0 1 0 1 .  0 2 3 8 8 0 . 1 6 0 . 1 8 + - 0 . 1 2 <
K K - a l p h a 5 . 0 1 . 0 2 7 5 1 1 .  0 8 6 5 3 0 . 5 4 0 . 5 0 + - 0 . 1 0
s t a n d a r d l e s s 9 8 . 2 9 1 0 0  . 0 0 [ i s ]
3'10
9.08.0 10.0 13.0 14.0 15.02.0 3.0 4.0 5.0 6.0 7.0 11.0 12.01.0 16.0.0
A-3 204
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O . - 4 0 . 0  T I : 4 8 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 .  0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
T i  K - a l p h a 2 . 1 1 .  0 3 1 5 2 1 . 2 4 5 9 5 0 . 1 9 0 . 1 2 + - 0 . 0 4
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 3 0 . 3 3 5 6 . 4 1 + - 4  . 7 3 n
F e  K - a l p h a 5 1 7  . 1 1 .  0 3 8 2 0 1 . 0 3 2 9 7 5 7  . 9 5 3 0 . 8 8 + - 1 .  8 3
C u  K - a l p h a 1 5  . 5 1 . 0 4 2 5 6 1 .  0 5 7 3 1 2 . 0 3 0 . 9 5 + - 0 . 1 6
Mg K - s e r @ 0 . 7 1 . 0 0 7 1 0 1 . 0 0 4 1 4 0 . 1 2 0 . 1 5 + - 0 . 1 5 <
A l  K - s e r @ 1 8 . 4 1 .  0 1 0 3 5 1 .  0 0 6 7 1 2 . 7 4 3 . 0 2 + - 0 . 2 1
S i  K - s e r @ 4 2 . 8 1 .  0 1 3 3 5 1 . 0 0 8 9 2 5 . 55 5 . 88 + - 0 . 3 0
S K - s e r 2 0  . 8 1 . 0 1 8 7 4 1 .  0 2 1 4 2 2 . 2 6 2 . 1 0 + - 0 . 1 6
K K - a l p h a 6 . 4 1 . 0 2 5 6 4 1 .  0 7 6 7 1 0 . 6 5 0 . 4 9 + - 0 . 0 8
s t a n d a r d l e s s 1 0 6  . 4 8 1 0 0  . 0 0 [ i s ]
3■10
7 .0 9..0 9.0 10.0 11.0 12.0 13.0 14.0 15.0 16.5.0 6,01.0 2.0 3.0 4.00.0
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R ON T E C  E DWI N W i n T o o l s F 3 S E D 3 0 1 . 1 0 . 2 0 0 3  ( 1 3  : 1 6 )
NT v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 4 8 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 .  0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
T i  K - a l p h a 2 . 9 1 .  0 3 2 1 1 1 . 2 4 3 2 1 0 . 2 6 0 . 1 6 + - 0 . 0 5
O K - s e r @ 1 .  0 0 0 0 0 1 . 0 0 0 0 0 2 8 . 4 2 5 3  . 2 3 + - 4 . 4 8 n
F e  K - a l p h a 5 2 2  . 8 1 . 0 3 8 9 1 1 . 0 3 2 7 8 6 0  . 0 5 3 2  . 2 2 + - 1 .  9 3
C u  K - a l p h a 1 5  . 5 1 .  0 4 3 3 5 1 . 0 5 7 0 4 2  . 0 8 0  . 9 8 + - 0 . 1 6
Mg K - s e r @ 0 . 2 1 .  0 0 7 2 3 1 . 0 0 4 2 9 0 . 0 4 0  . 0 5 + - 0 . 0 9 <
A l  K - s e r @ 2 4  . 2 1 . 0 1 0 5 4 1 . 0 0 6 7 5 3 . 6 8 4  . 0 9 + - 0 . 2 5
S i  K - s e r @ 4 5 . 2 1 . 0 1 3 6 0 1 . 0 0 8 9 0 6 . 0 1 6 . 4 1 + - 0 . 3 2
S K - s e r 2 3  . 3 1 . 0 1 9 0 9 1 .  0 2 1 1 5 2 . 6 0 2  . 4 3 + - 0 . 1 8
K K - a l p h a 5 . 6 1 . 0 2 6 1 2 1 . 0 7 6 0 2 0 . 5 8 0 . 4 5 + - 0 . 0 8
s t a n d a r d l e s s 1 0 7 . 0 7 1 0 0  . 0 0 [ I s ]
4500
4000
3500
3000
2500
2000
1500
1000
500
1.0 2.0 3.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.04.0 14.00.0 15.0 16.
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RONTEC EDWIN WinTools F3SED4 01.10.2003 (13:21)
NT  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T 0 : 4 0 . 0  T I : 3 8 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 .  0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + -  0 . 0 0 n
T i  K - a l p h a 2 . 1 1 . 0 3 0 7 3 1 . 2 5 3 5 3 0 . 1 8 0 . 1 1 + -  0 . 0 4
0  K - s e r @ 1 .  0 0 0 0 0 1 . 0 0 0 0 0 3 2  . 6 1 6 1 .  9 3 + -  5 . 1 8 n
F e  K - a l p h a 4 7 7  . 0 1 .  0 3 7 2 4 1 . 0 3 2 4 8 5 1 .  8 1 2 8 . 1 9 + -  1 . 6 5
C u  K - a l p h a 1 0  . 6 1 .  0 4 1 4 9 1 . 0 5 8 3 7 1 . 3 5 0 . 6 4 + -  0 . 1 3
Mg K - s e r @ 0 . 8 1 . 0 0 6 9 2 1 . 0 0 4 0 2 0 . 1 2 0 . 1 5 + -  0 . 1 5 <
A l  K - s e r @ 1 8 . 7 1 .  0 1 0 0 9 1 . 0 0 6 4 0 2 . 7 0 3 . 0 5 + -  0 . 2 1
S i  K - s e r @ 3 1 . 5 1 . 0 1 3 0 2 1 . 0 0 8 8 8 3 . 9 6 4 . 2 8 + -  0 . 2 3
S K - s e r 1 4  . 5 1 .  0 1 8 2 7 1 . 0 2 1 7 8 1 .  5 3 1 . 4 5 + -  0 . 1 3
K K - a l p h a 2 . 5 1 .  0 2 5 0 0 1 . 0 7 9 1 5 0 . 2 5 0 . 1 9 + -  0 . 0 6
s t a n d a r d l e s s 99  . 0 5 1 0 0 . 0 0 [ I s ]
4000 -
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RONTEC EDWIN WinTools F3SED5 01.10.2003 (13:27)
N T  v e r s : 3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 3 6 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
T i  K - a l p h a 1 6 4  . 7 1 . 0 3 2 9 0 1 . 1 2 5 4 3 1 6  . 9 7 1 1 . 1 7 + - 0 . 5 9
V K - a l p h a 6 . 0 1 . 0 3 4 7 6 1 .  1 7 9 6 4 0 . 6 0 0 . 3 7 + - 0 . 0 8
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 2 5 . 4 5 5 0  . 1 4 + - 4 . 3 7 n
F e  K - a l p h a 4 3 7  . 2 1 . 0 3 9 8 7 1 . 0 3 0 6 0 5 1 . 7 6 2 9 . 2 1 + - 1 .  7 2
C u  K - a l p h a 4 . 5 1 . 0 4 4 4 2 1 . 0 5 8 4 5 0 . 6 2 0 . 3 1 + - 0 . 11
Mg K - s e r @ 3 . 3 1 . 0 0 7 4 1 1 . 0 0 3 8 6 0 . 5 6 0 . 7 3 + - 0 . 1 6
A l  K - s e r @ 1 5 . 1 1 . 0 1 0 8 0 1 . 0 0 6 2 8 2 . 3 7 2 . 7 7 + - 0 . 2 2
S i  K - s e r @ 2 7 . 6 1 . 0 1 3 9 3 1 . 0 0 8 8 9 3 . 77 4 . 2 3 + - 0 . 2 7
S K - s e r 4 . 7 1 . 0 1 9 5 6 1 . 0 2 2 8 7 0 . 5 4 0 . 5 3 + - 0 . 10
K K - a l p h a 6 . 3 1 . 0 2 6 7 6 1 .  0 8 1 4 3 0 . 6 7 0 . 5 4 + - 0 . 0 9
s t a n d a r d l e s s 1 0 4  . 7 8 1 0 0  . 0 0 [ I s ]
4500
4000 -
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RONTEC EDWIN WinTools F2SED1 01.10.2003 (13 r 36)
N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T 0 : 4 0 . 0  T I : 3 0 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F c c ( a t o m ) c o n f i d . __h
C K - s e r @ C o a t ! 1 .  0 0 0 0 0 1 .  0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
T i  K - a l p h a 1 . 1 1 .  0 3 0 1 8 1 . 2 2 3 1 7 0 . 1 0 0 . 0 6 + - 0 . 0 4 <
V K - a l p h a 0 . 5 1 .  0 3 1 8 9 1 . 3 2 1 7 6 0 . 0 4 0 . 0 3 + - 0 . 0 4 <
O K - s e r @ 1 . 0 0 0 0 0 1 .  0 0 0 0 0 2 9 . 3 5 5 6  . 6 7 + - 4  . 7 9 n
F e  K - a l p h a 4 2 5  . 1 1 .  0 3 6 5 8 1 .  0 3 2 6 7 4 5 . 3 8 2 5  . 1 0 + - 1 . 4 7
Cu K - a l p h a 4 . 8 1 . 0 4 0 7 5 1 .  0 6 1 8 5 0 . 6 0 0 . 2 9 + - 0 . 0 9
Mg K - s e r @ 0 . 7 1 . 0 0 6 8 0 1 . 0 0 5 1 3 0 . 1 1 0 . 1 4 + - 0 .  1 4 <
A l  K - s e r @ 5 3  . 2 1 . 0 0 9 9 1 1 . 0 0 6 6 8 7 .  5 6 8 . 66 + - 0 . 4 5
S i  K - s e r @ 4 3 . 9 1 .  0 1 2 7 8 1 . 0 0 8 5 6 5 . 4 5 6 . 00 + - 0 . 3 1
S K - s e r 2 9 . 2 1 . 0 1 7 9 4 1 . 0 1 9 2 6 3 . 0 4 2 . 9 3 + - 0 .  1 9
K K - a l p h a 1 .  7 1 . 0 2 4 5 5 1 . 0 6 9 8 4 0 .  1 6 0 . 1 3 + - 0 .  0 6
s t a n d a r d l e s s 9 5  . 3 5 1 0 0  . 0 0 [ I s ]
4500 -
4000 -
3500 -
3000 -
2500 -
2000 -
1500 -
9.0 10.0 11.0 12.0
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RONTEC EDWIN WinTools F2SED2 01.10.2003 (13:43)
N T  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 1 4 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B . B F c c ( a t o m ) c o n f i d . _ h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
T i  K - a l p h a 0 . 9 1 . 0 3 4 6 6 1 . 2 9 6 9 1 0 . 0 8 0 . 0 6 + - 0 . 0 5 <
V K - a l p h a 1 . 5 1 . 0 3 6 6 2 1 . 4 1 9 8 4 0 . 1 3 0 . 1 0 + - 0 . 0 5 <
C r  K - a l p h a 1 7  . 0 1 . 0 3 8 4 9 1 . 5 8 6 9 7 1 . 3 3 0 . 9 4 + - 0 . 1 0 *
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 2 2  . 5 5 5 1 .  8 7 + - 4  . 5 4 n
F e  K - a l p h a 5 5 8  . 5 1 . 0 4 2 0 1 1 .  0 2 6 5 8 7 0  . 6 2 4 6 . 5 3 +  - 2 . 5 5
C u  K - a l p h a 0 . 8 1 . 0 4 6 8 0 1 .  0 5 2 4 6 0 . 1 2 0 . 0 7 + - 0 . 1 0 <
Mg K - s e r @ 0 . 1 1 . 0 0 7 8 0 1 . 0 0 3 1 7 0 . 0 2 0 . 0 3 + - 0 . 1 2 <
A l  K - s e r @ 1 .  0 1 . 0 1 1 3 8 1 . 0 0 5 6 3 0 . 1 7 0 . 2 3 + - 0 . 1 5 <
S i  K - s e r @ 0 . 5 1 . 0 1 4 6 8 1 . 0 0 9 4 0 0 . 0 8 0 . 1 0 + - 0 . 1 1 <
S K - s e r 0 . 2 1 . 0 2 0 6 0 1 . 0 2 4 9 1 0 . 0 3 0 . 0 3 + - 0 . 0 9 <
K K - a l p h a 0 . 4 1 . 0 2 8 1 9 1 . 0 9 1 9 9 0 . 0 4 0 . 0 4 + - 0 . 0 6 <
s t a n d a r d l e s s 9 7  . 0 2 1 0 0 . 0 0 [ i s ]
3
8.0 9.0 10.0 11.0 12.0 14.0 15.05.0 6.0 7.0 13.0 16.1.0 2.0 3.0 4.00.0
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RONTEC EDWIN WinTools F2SED3 01.10.2003 (13:48)
NT v e r s : 3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 8 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d .  h
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 00 0 . 00 + - 0 . 0 0  n
T i  K - a l p h a 1 . 9 1 .  0 3 2 0 5 1 . 2 2 9 9 9 0 . 18 0 . 13 + - 0 . 04
V K - a l p h a 2 . 2 1 . 0 3 3 8 6 1 . 3 3 0 3 8 0 . 1 9 0 . 1 3 + - 0 . 0 5
C r  K - a l p h a 1 .  7 1 .  0 3 5 5 9 1 . 4 6 8 4 2 0 . 13 0 . 0 9 + - 0 . 0 5  <
O K - s e r @ 1 .  0 0 0 0 0 1 . 0 0 0 0 0 2 1 . 2 7 47  . 50 + - 4 . 1 9  r:
F e  K - a l p h a 4 4 4  . 8 1 .  0 3 8 8 4 1 . 0 3 0 8 1 5 1 . 0 8 32 . 6 8 + - 1 . 8 2
C u  K - a l p h a 5 . 2 1 .  0 4 3 2 7 1 . 0 5 8 0 8 0 . 7 0 0 . 3 9 + - 0 . 1 0
Mg K - s e r @ 1 . 6 1 . 0 0 7 2 2 1 . 0 0 4 8 1 0 . 2 6 0 . 3 9 + - 0 . 2 0
A l  K - s e r @ 4 3 . 2 1 . 0 1 0 5 2 1 . 0 0 6 6 0 6 . 56 8 . 69 + - 0 . 5 0
S i  K - s e r @ 4 3 . 0 1 . 0 1 3 5 7 1 . 0 0 8 4 4 5 . 69 7 . 2 4 + - 0 . 3 9
S K - s e r 12 . 1 1 . 0 1 9 0 5 1 . 0 2 0 8 9 1 . 3 5 1 . 5 1 + - 0 . 15
K K - a l p h a 13 . 0 1 . 0 2 6 0 7 1 . 0 7 2 1 5 1 . 3 5 1 .  24 + - 0 . 12
s t a n d a r d l e s s 9 1 .  87 1 0 0 . 0 0 [ i s ]
4500
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RONTEC EDWIN WinTools F2SED4 01.10.2003 (13:51)
NT  v e r s :  3 . 2  e n g  E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 7 0 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d . _ h _
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0 n
T i  K - a l p h a 5 . 6 1 . 0 2 7 7 6 1 . 1 5 7 0 9 0 . 4 6 0 . 2 3 + - 0 . 0 5
V K - a l p h a 3 . 1 1 .  0 2 9 3 2 1 . 2 2 3 0 0 0 . 2 5 0 . 1 2 + - 0 . 0 5
C r  K - a l p h a 3 . 2 1 . 0 3  0 8 2 1 . 3 1 2 5 4 0 . 2 4 0 . 1 1 + - 0 . 0 5 <
O K - s e r @ 1 .  0 0 0 0 0 1 . 0 0 0 0 0 3 6  . 1 6 5 4  . 1 9 + - 4  . 5 5 n
F e  K - a l p h a 3 8 1 . 7 1 . 0 3 3 6 4 1 . 0 3 9 3 3 3 6 . 8 4 1 5  . 8 2 + - 1 .  1 4
C u  K - a l p h a 8 . 4 1 .  0 3 7 4 8 1 . 0 7 2 5 1 0 . 9 3 0 . 3 5 + - 0 . 1 0
Mg K - s e r @ 4 . 2 1 .  0 0 6 2 5 1 . 0 0 7 3 4 0 . 6 1 0 . 6 0 + - 0 . 11
A l  K - s e r @1 0 0  . 8 1 . 0 0 9 1 1 1 . 0 0 8 6 0 1 3  . 1 7 1 1 .  7 0 + - 0 . 5 9
S i  K - s e r @1 4 6  . 6 1 . 0 1 1 7 6 1 . 0 0 6 7 0 1 6  . 7 5 1 4  . 3 0 + - 0 . 6 7
S K - s e r 2 7  . 8 1 . 0 1 6 5 0 1 . 0 1 5 0 8 2 . 6 6 1 .  9 9 + - 0 . 1 7
K K - a l p h a 1 0  . 8 1 . 0 2 2 5 8 1 . 0 5 1 2 9 0 . 9 8 0 . 6 0 + - 0 . 0 8
s t a n d a r d l e s s 1 1 4 . 3 8 1 0 0 . 0 0 [ I s ]
4500
4000
3500
3000
2500
2000
1500
1000
500
6.0 8.01.0 2.0 3.0 4.0 5.0 7.0 9.0 10.0 11.0 12.0 13.00.0 14.0 15.0 16.
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RONTEC EDWIN WinTools F2SED5 01.10.2003 (13:55)
N T  v e r s :  3 . 2  e n g E o : 2 0 . 0  k e V  ( T O : 4 0 . 0  T I : 3 4 . 0 )
* * *  P U z a f  r e s u l t s  * * *
e l e m / l i n e P / B B F C c ( a t o m ) c o n f i d
C K - s e r @ C o a t ! 1 . 0 0 0 0 0 1 . 0 0 0 0 0 0 . 0 0 0 . 0 0 + - 0 . 0 0
T i K - a l p h a 6 . 4 1 . 0 2 6 7 5 1 . 1 1 3 5 9 0 . 5 4 0 . 3 0 + - 0 . 0 6
V K - a l p h a 3 . 3 1 . 0 2 8 2 6 1 . 1 5 8 9 8 0 . 2 7 0 . 1 4 + - 0 . 0 5
C r K - a l p h a 4 . 0 1 . 0 2 9 7 0 1 . 2 2 0 1 0 0 . 3 0 0 . 1 6 + - 0 . 0 5
O K - s e r @ 1 . 0 0 0 0 0 1 . 0 0 0 0 0 2 9 . 3 7 4 9  . 8 0 + - 4  . 2 8
F e K - a l p h a 2 3 7 . 2 1 . 0 3 2 4 2 1 . 0 4 6 7 5 2 1 .  9 2 1 0  . 6 5 + - 0 . 7 6
C u K - a l p h a 9 . 2 1 . 0 3 6 1 2 1 . 0 8 3 7 8 0 . 9 8 0 . 4 2 + - 0 . 1 0
Mg K - s e r @ 5 . 7 1 . 0 0 6 0 2 1 . 0 0 9 8 3 0 . 7 9 0 . 8 8 + - 0 . 1 3
A l K - s e r @ 1 4 0 . 0 1 . 0 0 8 7 8 1 . 0 0 9 0 1 1 7  . 7 2 1 7  . 8 1 + - 1 .  0 0
S i K-  s e r @ 1 4 6 . 8 1 . 0 1 1 3 3 1 . 0 0 6 1 6 1 6  . 2 6 1 5  . 7 0 + - 0 . 7 7
S K - s e r 3 2  . 9 1 . 0 1 5 9 0 1 . 0 1 2 8 5 3 . 0 7 2 . 5 9 + - 0 . 2 0
K K - a l p h a 2 5  . 1 1 . 0 2 1 7 6 1 .  0 3 8 5 2 2 . 2 3 1 . 5 5 + - 0 . 1 3
_ h _
n
s t a n d a r d l e s s 9 6  . 5 7 100 . 00 [ i s ]
4500
4000
3500
3000
2500
2000
1500
1000
500
2.0 3.0 4.01.00.0 5.0 6.0
"n
8.0
—T“
9.0 10.0 11.0 12.0 13.0
!
14.0 15.0
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Kd calculations for Fisher Creek (F3) site:
Fisher Creek distribution of Cu and Zn 
Adsorption enthalpy calculations using van't Hoff equation
Cu
Kd*
Cu 
In Kd
Zn
Kd*
Zn 
In KdSam ple #  | Time Temp T (K) | in-
1 8 /13 /2003  9:00 5.07E +05 13.14 6 .55E + 04 11.09 7.7 2 8 0 .9 3 .6E -03
2 8 /1 3 /2 0 0 3 1 0 :0 0 5.17E +05 13.16 9 .29E + 04 11 .44 9.2 282 .4 3 .5E -03
3 8 /13 /2003  11:00 6.04E +05 13.31 1 .24E +05 11.73 11.4 284 .6 3 .5E -03
4 8 /13 /2003  12:00 6.11E +05 13.32 1.47E +05 11.90 14.0 2 8 7 .2 3 .5E -03
5 8 /13 /2003  13:00 8.29E +05 13.63 1 .80E +05 12 .10 16.3 2 8 9 .5 3 .5E -03
6 8 /13 /2003  14:00 8.95E +05 13.70 2 .50  E+05 1 2 .43 17.2 2 9 0 .4 3 .4E -03
7 8 /13 /2003  15:00 17.5 2 9 0 .7 3 .4E -03
8 8 /13 /2003  16:00 1.05E+06 13.87 17.7 290 .9 3 .4E -03
9 8 /13 /2003  17:00 1.16E+06 13.97 1 .75E +05 12.07 17.9 291.1 3 .4E -03
10 8 /13 /2003  18:00 1.17E+06 13.98 1 .17E +05 1 1 .67 17.4 290 .6 3 .4E -03
11 8 /13 /2003  19:00 1.02E+06 13.83 16.9 290.1 3 .4E -03
12 8 /13 /2003  20:00 9.65E +05 13.78 3 .07E + 05 1 2 .64 16.2 289 .4 3 .5E -03
13 8 /13 /2003  21:00 8.69E +05 13.68 2.19  E+05 12.30 15.1 28 8 .3 3 .5E -03
14 8 /13 /2003  22:00 3 .26E + 05 12.69 14.0 2 8 7 .2 3 .5E -03
15 8/13 /2003  23:00 5.74E +05 13.26 1.31 E+05 11.78 12.8 28 6 .0 3 .5E -03
16 8/14 /2003  0:00 5.08E +05 13.14 2 .03E + 05 12.22 11.9 285.1 3 .5E -03
17 8 /14 /2003  1:00 3.90E +05 12.87 1.18E +05 11 .68 11.0 28 4 .2 3 .5E -03
18 8 /14 /2003  2:00 3.83E +05 12.85 1.31 E+05 11.78 10.3 2 8 3 .5 3 .5E -03
19 8 /14 /2003  3:00 4.27E +05 12.97 1.71E +05 12 .05 9.7 282 .9 3 .5E -03
20 8 /14 /2003  4:00 4.59E +05 13.04 1 .59E +05 11.97 9.1 282 .3 3 .5E -03
21 8 /14 /2003  5:00 4.42E +05 13.00 1 .19E +05 11.69 8.6 2 8 1 .8 3 .5E -03
22 8 /14 /2003  6:00 3.89E +05 12.87 8 .77E + 04 11.38 8.1 2 8 1 .3 3 .6E -03
23 8 /14 /2003  7:00 2.00E +05 12.21 7.8 2 81 .0 3 .6E -03
24 8/14 /2003  8:00 1.97E+05 12.19 4 .26E + 04 10 .66 7.7 2 80 .9 3 .6E -03
25 8 /14 /2003  9:00 3.20E +05 12.68 1.12E + 05 11.63 8.1 2 8 1 .3 3 .6E -03
26 8 /14 /2003  10:00 2.71 E+05 12.51 6 .39E + 04 11 .07 9.4 2 82 .6 3 .5E -03
- A H
ln K  =
Adsorption enthalpy plot
Linear (Zn) Linear (Cu)
'b- <v 'V
(Cu)y=  -10217x + 49.025 
R2 = 0.8122
1/T(K)
(Zn) y = -8033.3x + 39.997 
R2 = 0.4691
84.9 =AH(Cu) kJ/mol 
66.8 =AH(Zn) kJ/mol
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F3 sediments equilibration data
ET
Hours
ppb ppb Temp
°CDate/time Cu Zn PH
0.0 7/2/2003 15:40:00 135 343 20.7 6.94
17.8 7/3/2003 09:27:00 32 228 20.8 6.94
113.1 7/7/2003 08:49:00 20 98 20.7 6.95
138.0 7/8/2003 09:40:00 7.2 113 20.8 6.93
145.1 7/8/2003 16:45:00 15.6 94.3 20.8 6.93
162.1 7/9/2003 09:45:00 11.1 98.7 23.4 6.92
168.1 7/9/2003 15:48:00 15.5 83.7 18.2 6.94
186.0 7/10/2003 09:39:00 16 91.3 15 6.96
192.3 7/10/2003 15:58:00 14.2 98.5 12.4 6.99
208.6 7/11/2003 08:15:00 18.9 101 5.6 6.8
215.8 7/11/2003 15:30:00 17.9 98.4 10 6.74
233.2 7/12/2003 08:50:00 17.8 99.8 13.1
240.8 7/12/2003 16:30:00 16.5 87.9 19.6 6.96
Zn and Cu analysis done on filtered (0.2 um) samples by GF-AAS at Montana Tech
F1 w ater titration data
3.8°C
Fraction
8.2°C
Fraction
12.2°C
Fraction
15.1°C
Fraction
pH Fe log Fe pH Fe log Fe pH Fe log Fe pH Fe log Fe
3.83 1.000 0 3.59 1.00 0 3.44 1.00 0 3.369427 1.00 0.0000
3.95 0.939 -0.0272 3.67 1.03 0.013005 3.49 0.96 -0.0169 3.431529 1.00 -0.0007
4.00 0.961 -0.0171 3.77 0.95 -0.023472 3.66 0.97 -0.0150 3.469745 0.96 -0.0166
4.08 0.963 -0.0163 3.89 0.98 -0.008941 3.81 0.96 -0.0180 3.765924 0.95 -0.0231
4.20 0.909 -0.0415 3.98 0.98 -0.006748 3.91 0.91 -0.0418 3.91879 0.67 -0.1742
4.37 0.904 -0.0440 4.19 0.89 -0.052965 3.96 0.84 -0.0765 4.042994 0.48 -0.3202
4.56 0.849 -0.0712 4.47 0.42 -0.377894 4.19 0.45 -0.3428 4.339172 0.11 -0.9600
4.71 0.616 -0.2104 4.71 0.14 -0.865666 4.33 0.28 -0.5539 4.544586 0.04 -1.3668
4.77 0.560 -0.2515 4.93 0.05 -1.340094 4.50 0.12 -0.9137 4.955414 0.01 -2.0099
5.05 0.177 -0.7527 5.43 0.01 -2.160127 4.87 0.03 -1.5350 5.084395 0.01 -2.1350
5.19 0.091 -1.0386 5.68 0.01 -2.228773 5.14 0.01 -1.8797 5.504777 0.00 -2.3201
5.81 0.006 -2.2507 6.23 0.00 -2.388491 5.73 0.00 -2.3429 6.106688 missing
6.02 0.003 -2.4913 6.53 0.01 -2.244494 6.59 0.00 -2.4897 6.823248 0.01 -2.1699
6.92 0.01 -2.235901 7.20 0.00 -2.8208 7.062102 0.00 -2.9743
7.05 0.01 -2.161048 7.73 0.00 -3.2507
7.13 0.01 -2.251986
7.27 0.00 -2.633931
Fe analysis done on filtered (0.2 um) samples by GF-AAS at Montana Tech
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Appendix: A-4
Supplem entary data for Rio A grio - Chapter 5
S alto  del A grio  24-hr diel sam pling  
15 to  16-M ar, 2004 
SDA s ite  o n  Rio Agrio, A rgen tina
mg/L
Stage FLOW DO Hach
Sample Date/Time pH sc T in cm m3/sec mg/L I % Eh Fe(ll)
SDA-1 3/15/2004 15:00 3.38 558 17.3 11.75 29.8 1.4 2.19
SDA-2 3/15/2004 16:00 3.37 563 18.0 11.69 29.7 1.4 1.98
SDA-3 3/15/2004 17:00 3.29 566 18.3 11.69 29.7 1.4 1.89
SDA-4 3/15/2004 18:00 3.24 567 18.1 11.56 29.4 1.3 6.45 85.8 506 1.61
SDA-5 3/15/2004 19:00 3.22 567 17.5 11.63 29.5 1.3 6.23 80.9 506 1.18
SDA-6 3/15/2004 20:00 3.19 571 16.8 11.56 29.4 1.3 6.95 86.4 509 0.94
SDA-7 3/15/2004 21:00 3.17 572 16.0 11.63 29.5 1.3 7.50 93.3 509 0.81
SDA-8 3/15/2004 22:00 3.18 575 15.4 11.56 29.4 1.3 7.71 96.0 510 0.76
SDA-9 3/15/2004 23:00 3.19 585 15.0 11.56 29.4 1.3 8.28 100.7 518 0.74
SDA-10 3/16/2004 0:00 3.18 591 14.6 11.50 29.2 1.3 8.54 103.5 513 0.68
SDA-11 3/16/2004 1:00 3.18 589 14.2 11.50 29.2 1.3 8.62 103.3 509 0.66
SDA-12 3/16/2004 2:00 3.18 587 13.8 11.50 29.2 1.3 8.89 105.6 507 0.64
SDA-13 3/16/2004 3:00 3.19 588 13.5 11.56 29.4 1.3 9.17 108.2 519 0.63
SDA-14 3/16/2004 4:00 3.19 575 13.0 11.56 29.4 1.3 9.22 108.0 508 0.61
SDA-15 3/16/2004 5:00 3.21 569 12.7 11.50 29.2 1.3 8.70 101.1 505 0.60
SDA-16 3/16/2004 6:00 3.22 564 12.5 11.56 29.4 1.3 9.26 106.8 507 0.58
SDA-17 3/16/2004 7:00 3.24 557 12.4 11.56 29.4 1.3 9.37 107.2 504 0.54
SDA-18 3/16/2004 8:00 3.24 556 11.8 11.50 29.2 1.3 9.51 107.9 506 0.59
SDA-19 3/16/2004 9:00 3.27 554 11.7 11.56 29.4 1.3 9.43 105.1 509 0.96
SDA-20 3/16/2004 10:00 3.26 555 12.0 11.44 29.1 1.3 9.29 104.3 505 1.28
SDA-21 3/16/2004 11:00 3.35 547 13.1 11.44 29.1 1.3 9.10 104.0 500 1.46
SDA-22 3/16/2004 12:00 3.24 544 13.7 11.50 29.2 1.3 9.07 105.6 495 1.99
SDA-23 3/16/2004 13:00 3.33 537 15.0 11.50 29.2 1.3 9.05 107.8 489 1.90
SDA-24 3/16/2004 14:00 3.32 527 16.3 11.75 29.8 1.4 8.88 109.6 486 1.93
SDA-25 3/16/2004 15:00 3.30 519 16.8 11.75 29.8 1.4 8.68 109.6 489 1.85
SDA-26 3/16/2004 16:00 3.30 527 17.0 11.50 29.2 1.3 8.73 110.0 489 2.02
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Arsenic analysis from SDA samples
I Date/time 
3 /15 /2004  16:00  
3 /15 /2004  17:00  
3 /15 /2004  18:00  
3/15 /2004  19:00  
3 /15 /2004  20:00  
3 /15 /2004  21:00  
3 /15 /2004  22:00  
3 /15 /2004  23:00  
3/16 /2004  0:00 
3/16 /2004  1:00 
3/16 /2004  2:00 
3/16 /2004  3:00 
3 /16 /2004  4:00  
3 /16 /2004  5:00  
3/16 /2004  6:00  
3 /16 /2004  7:00  
3/16 /2004  8:00  
3 /16 /2004  9:00  
3 /16 /2004  10:00  
3 /16 /2004  11:00 
3 /16 /2004  12:00 
3 /16 /2004  13:00  
3 /16 /2004  14:00 
3 /16 /2004  15:00  
3 /16 /2004  16:00  
dup SDA-2 
field blank 
dup SDA -25 
field blank
AVG 2 .2202  11.7
SD  0.26
Lower Rio Agrio (LRA-1) sampling site field parameters: 
LRA-1 site
LRA-1
Sample
km 3.2 
date/time Fe2+
LRA-1-1 3/18/04 12:45 0.172
LRA-1-2 3/18/04 14:45 0.148
LRA-1-3 3/18/04 18:45 0.131
LRA-1-4 3/18/04 20:45 0.076
LRA-1-5 3/18/04 22:45 0.05
LRA-1-6 3/19/04 0:45 0.042
LRA-1-7 3/19/04 5:45 0.033
LRA-1-8 3/19/04 7:45 0.046
LRA-1-9 3/19/04 9:45 0.111
LRA-1-10 3/19/04 11:45 0.161
LRA-1-11 3/19/04 14:00 0.16
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Sam ple
A s ppb 
C one Rsd%
SDA-2 1.77 11.8
SDA-3 1.60 20.8
SDA-4 1.74 12.2
SDA-5 2.58 14.3
SDA-6 1.81 11.4
SDA-7 2.19 18.5
SDA-8 2.21 5.6
SDA-9 2.29 15.4
SDA-10 2.62 3.8
SD A -11 2.19 10.1
SDA-12 2.80 13.2
SDA -13 3.22 15.1
SDA-14 2.73 15.1
SDA-15 2.38 9.5
SDA-16 3.08 8
SDA -17 2.88 18.7
SDA -18 2.39 2.1
SDA -19 2.25 8.8
SDA-20 2.73 16.3
SDA-21 2.24 14.7
SDA-22 1.65 7.2
SDA-23 1.74 12.1
SDA-24 1.53 8
SDA-25 1.54 9.5
SDA-26 1.35 9.4
SDA-50 1.54 8.7
SDA-51 0.061 47.5
SDA-52 1.52 12.6
SDA-53 0 .165 19.6
Calibration
Abs C on e Rsd%
0.005 O 17
0 .066 4 .3 11
0 .106 8 .6 14
0 .258 21 13
0 .456 4 3 5 .6
0.641 6 4 2.9
Calibration
25 y = 8 3  922x  - 0 .6 5 1 6
20
15
a  10
5
0
0 .05 0 .15 .QL2•5
Absorbance
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Lower Rio Agrio 24-hour, diel sampling 
3/18 to 3/19/04 
LRA-2 site
LRA-2
Stage DO Fe(ll)
Sample Date/Time pH SC T in cm | Us mg/L % Eh ppm
LRA-2-1 3/18/04 11:00 6.34 276 12.5 7.9 20.0 495 10.9 116.9 411 0.071
LRA-2-2 3/18/04 12:00 6.36 276 13.4 7.9 20.0 495 10.7 117.0 367 0.060
LRA-2-3 3/18/04 13:00 6.35 276 14.6 7.9 20.0 495 10.4 117.0 347 0.056
LRA-2-4 3/18/04 14:00 6.33 274 16.0 7.9 20.0 495 10.0 114.8 338 0.034
LRA-2-5 3/18/04 15:00 6.33 274 17.7 7.9 20.0 495 8.5 101.1 341 0.029
LRA-2-6 3/18/04 16:00 6.32 274 18.8 7.9 20.0 495 6.7 81.4 320 0.057
LRA-2-7 3/18/04 17:00 6.33 274 19.7 7.9 20.0 495 4.5 55.5 316 0.059
LRA-2-8 3/18/04 18:00 6.33 275 20.0 7.9 20.0 495 9.4 118.0 207 0.035
LRA-2-9 3/18/04 19:00 6.33 276 19.7 7.9 20.0 495 9.3 116.0 205 0.046
LRA-2-10 3/18/04 20:00 6.29 275 19.2 7.9 20.0 495 8.0 99.1 205 0.050
LRA-2-11 3/18/04 21:00 6.23 275 18.5 7.9 20.0 495 7.6 93.0 211 0.060
LRA-2-12 3/18/04 22:00 6.21 274 18.1 8.0 20.3 495 4.8 57.0 341 0.068
LRA-2-13 3/18/04 23:00 6.20 274 17.3 7.9 20.0 495 7.5 90.2 290 0.070
LRA-2-14 3/19/04 0:00 6.20 274 16.6 7.9 20.0 495 7.4 87.5 341 0.079
LRA-2-15 3/19/04 1:00 6.20 273 15.8 7.9 20.0 495 7.5 87.2 330 0.089
LRA-2-16 3/19/04 2:00 6.21 273 15.1 8.0 20.3 495 10.5 118.0 447 0.091
LRA-2-17 3/19/04 3:00 6.21 273 14.4 8.0 20.3 495 8.3 93.1 437 0.091
LRA-2-18 3/19/04 4:00 6.22 273 13.9 8.0 20.3 495 7.7 85.5 427 0.095
LRA-2-19 3/19/04 5:00 6.23 273 13.2 7.9 20.0 495 4.1 57.6 381 0.106
LRA-2-20 3/19/04 6:00 6.24 273 12.6 7.9 20.0 495 8.4 90.5 298 0.105
LRA-2-21 3/19/04 7:00 6.25 273 12.1 7.9 20.0 495 8.4 89.4 308 0.114
LRA-2-22 3/19/04 8:00 6.27 273 11.6 7.9 20.0 495 8.9 92.5 315 0.099
LRA-2-23 3/19/04 9:00 6.30 274 11.3 7.9 20.0 495 8.9 93.0 282 0.088
LRA-2-24 3/19/04 10:00 6.34 274 11.8 7.9 20.0 495 9.6 101.4 280 0.093
LRA-2-25 3/19/04 11:00 6.36 276 12.9 7.9 20.0 495 10.2 110.9 403 0.074
LRA-2-26 
CG extra 
LRA-50 
LRA-51 
LRA-52 
LRA-53 
LRA-54
3/19/04 12:00 
3/19/04 14:15 
field blank
dup of LRA-7
bottle blank
6.35
6.28
275 14.3 7.9 20.0 495 9.8 109.5 232 0.060
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Figure A -5.1: A visual rendering of the biofilm  conditions as discussed in section 
3.3.3. Relative differences in daytime and night-tim e [0 2] are shown based on the 
scale (no values given).
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